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1.  INTRODUCTION 
 
 
The study of animal adhesion, for many years a relatively neglected area of research, 
has recently undergone a resurgence of interest. Partly this is because of the promise of 
practical applications arising from the research (“learning from the nature”, often 
referred to as bionics or biomimetics) of animal adhesive devices which have many 
properties material scientists envy. An example are the hexagonal structures on the tip 
of the toes of tree frogs which are discussed as potential models for the design for tires 
(Persson 2007). Another example are microstructured surfaces inspired by the setae of 
insect feet with application as adhesive tape and for adhesive structures on robots 
allowing the locomotion on smooth surfaces (Daltorio et al. 2005; Daltorio et al. 2007; 
Gorb et al. 2007). A strong reason for the increased interest in this field might also be 
that the application of recent advances in methods available in both biology and 
engineering (tribology) has produced a quantum leap forward in our understanding of 
adhesive systems (Barnes 2006; Scherge & Gorb 2001).  
The reversible adhesion of locomoting animals is particularly interesting: they need to 
combine strong adhesion with easy and rapid detachment whenever the animal makes a 
step (Federle et al. 2001). Animals living in and on the vegetation above the ground 
need to resist sudden mechanical impacts as for example gusts of wind or they have to 
escape quickly from predators without loosing grip and falling down (Eisner & 
Aneshansley 2000; Federle et al. 2000). This movement can only be possible possessing 
specialized adhesive organs on the feet of the animals with unique mechanical 
properties. Only this can provide both strong adhesion and also fast reversibility. 
Especially the micromechanical properties have not been described sufficiently until 
now. 
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Beside the mechanical properties, a fluid that is secreted into the contact zone between 
the adhesive organs and a surface plays an important role in animal adhesion (Hanna & 
Barnes 1991; Langer et al. 2004; Lees & Hardie 1988; Walker 1993; Zhang et al. 2007). 
Its influence on the adhesion of the animal (Bhushan 2003; De Souza et al. 2008; 
Drechsler & Federle 2006; Federle et al. 2006; Federle et al. 2004; Federle et al. 2002) 
and especially the chemical composition of the secretion and its physical properties has 
been discussed in resent studies (Betz 2003; Federle et al. 2002; Gorb 2001; Ishii 1987; 
Vötsch et al. 2002). They provide evidence that the adhesive secretion is an emulsion 
consisting of two phases with different physical and chemical properties (Federle et al. 
2002; Vötsch et al. 2002). Some of the components of the secretion were identified so 
far but the results are inconsistent and therefore need to be revised. 
Mannyplants have developed specialized structures on their surfaces which permit or 
inhibit animals’ attachment or locomotion. Several plants adapted to nutrient-poor 
habitats for example capture, retain and digest arthropods to acquire additional nutrients 
(Juniper et al. 1989). Amongst those plants several effective structures as trapping 
mechanisms for making prey are already described, all based on special anti-adhesive 
surfaces (Bohn & Federle 2004; Gaume et al. 2002; Gaume et al. 2004; Gorb et al. 
2005; Juniper et al. 1989; Lloyd 1942). Plants of the genus Macaranga are a further 
example for effective inhibition of adhesion. They have evolved protective “wax 
barriers” on their stems that are slippery for nearly all insects, except ants of some few 
sub-species of Crematogaster decacrema (Federle & Bruening 2006). The mechanisms 
inhibiting adhesion for animals on such surfaces are not sufficiently understood until 
now. 
This study will try to answer some of the questions that are still left on adhesive organs 
and anti-adhesive surfaces. The micro- mechanical properties of adhesive organs will be 
analysed in two different model organisms: the Indian stick insect (Carausius morosus) 
and the Australian tree frog (Litoria caerulea). These animals were chosen because they 
both provide adhesive organs that are described as “smooth pads” on the first view, but 
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reveal fundamental differences comparing their mechanical properties, morphology and 
(ultra-)structure of the adhesive organs. Furthermore the chemical composition of the 
liquid secretion of C. morosus will be analysed, especially its two-phase character. As 
an antagonistic system to the adhesive organs the anti-adhesive properties of the 
conductive zone of the pitcher plant Nepenthes alata will be part of this study.  
 
The study is therefore divided into four sections:  
(1) Characterisation of the morphology and ultrastructure of the adhesive organs in 
Carausius morosus and Litoria caerulea and the anti-adhesive surface of the 
conductive zone of Nepenthes alata.  
(2) Investigation of the mechanical properties of adhesive organs and the anti-
adhesive surface with high spatial resolution. 
(3) Interaction of adhesive organs and anti-adhesive surfaces. 
(4) Characterisation of the chemical composition of the secreted liquid of Carausius 
morosus. 
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1.1 BIOLOGY OF ANIMAL ATTACHMENT 
 
1.1.1 Adhesive structures of insects 
Many insects possess specialized attachment organs on their legs which enable them to 
climb and run upside down on various substrates. Some species are not only capable of 
resisting extreme pull-off and shear forces equivalent to more than 100 times their own 
body weight (Eisner & Aneshansley 2000; Federle et al. 2000), but they can also run 
rapidly. The detailed underlying mechanisms of this impressive performance are still 
unclear, and some may be based on the detailed ultrastructure and physical properties of 
adhesive organs. 
Adhesive structures in arthropods and vertebrates have been classified as “smooth” pads 
with a soft cuticle or as “hairy” systems, i.e. pads densely covered with microscopic 
adhesive setae. Despite their microstructural similarity, adhesive pads in different insect 
orders are found at different positions of the leg, providing evidence for multiple 
evolutionary origins of these organs (Beutel & Gorb 2001; Beutel & Gorb 2006; Beutel 
& Gorb 2008). They can be located on different tarsal segments (e.g. euplantulae) 
and/or the pretarsus (e.g. as pulvilli or arolia). The cuticle of smooth pads differs 
structurally from typical hard exoskeleton cuticle and from the soft and flexible cuticle 
found in joints and extensible body parts (Reynolds 1975; Vincent 1981); its rod-like 
fibres are not arranged parallel to the surface, but are oriented at some angle to it.  
The arolium as an adhesive pad is probably an autapomorphy of the Neoptera (Beutel & 
Gorb 2006) and is homologous in the Dictyoptera, Phasmatodea and Orthoptera. Its 
morphology differs from the derived, unfold able arolia occurring in the Hymenoptera, 
Mecoptera and Trichoptera (Holway 1935; Snodgrass 1956). The basic non-foldable 
type of arolium (as it is found in Carausius morosus and all other Phasmatodea) has 
been investigated morphologically by several authors (Beutel & Gorb 2001; Beutel & 
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Gorb 2006; Kendall 1970; Roth & Willis 1952; Slifer 1950), using several kinds of 
microscopic techniques, but its mechanical properties have remained nearly unstudied.  
 
Here we characterise the morphology, ultrastructure and mechanical properties of the 
arolium of Carausius morosus by using (freeze-fracture) scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), confocal laser scanning microscopy 
(CLSM) and atomic force microscopy (AFM).  
Previous studies investigating the mechanical properties of smooth adhesive pads in 
insects either made conclusions from the load-displacement behaviour of whole pads 
(Gorb et al. 2000; Jiao et al. 2000) or employed micro-indenters with spherical tips with 
radii > 32 µm (Perez Goodwyn et al. 2006). In this study I characterise the 
micromechanics of the arolium using AFM. The advantage of this technique in contrast 
to previous approaches (as for example microindenters with spherical tips used by Gorb 
and co-workers (2000)) is that it allows measurements of material properties with high 
spatial resolution. Due to the much smaller size of the pyramidal AFM indenter it is 
possible to determine the actual material properties of the specialised cuticle 
independent of the mechanical arrangement of the adhesive pad structure underneath. 
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1.1.2 Adhesive structures of tree frogs 
Not only in insects and arthropods but also in tree frogs, adhesion must not interfere 
with locomoting and especially jumping ability. Although all tree frogs are not strictly 
arboreal, for some inhabit the shrub or even herb layer (for instance reeds surrounding 
ponds), they do all climb vegetation and, along with torrent frogs, are all characterised 
by possession of expanded digital pads on the tips of each toe. They do not belong to a 
single systematic group, being found in at least seven different frog families (Duellman 
& Trueb 1997). Thus the extraordinary similarity of the epithelia of toe pads in different 
species is somewhat surprising. Since the main anuran families appeared before the first 
tree frogs evolved, tree frog toe pad is thus an exceptionally good example of 
convergent evolution (Green 1979). There really does appear to be a best ‘design’ for a 
toe pad, and this has implications for biomimetics (Barnes 2007a).  
Tree frogs adhere by wet adhesion (Emerson & Diehl 1980; Green 1981; Hanna & 
Barnes 1991), in the same way as a wet tissue sticks to a flat, smooth surface or a damp 
cover slip to a microscope slide. The underlying mechanisms are, however, rather more 
complicated than this simple description would suggest, and involve capillarity forces 
generated at the air-fluid interface around the edge of the toe pad and transient viscosity 
forces (Stefan adhesion) generated over the whole area of contact (Barnes et al. 2006). 
Current research favours capillarity as the dominant adhesive force (Barnes 2006), but a 
role for Stefan adhesion cannot be ignored. Also, friction forces are much larger than 
would be expected of a fluid joint (Federle et al. 2006). Forces acting parallel to the 
surface such as friction are clearly the major forces that would prevent slippage while a 
tree frog was climbing a vertical surface, but recent work (Barnes et al. 2008) also 
suggests an important role for friction in clinging behaviour on overhanging surfaces. 
Autumn and co-workers (2006) has recently hypothesised for geckos that frictional 
forces appear to play a major role in preventing the toe pads from peeling off the 
surface. 
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Since adhesion ultimately occurs at the molecular level, its study requires both an 
analysis of the microstructure and the physical properties of the adhesive surface (Gorb 
& Scherge 2000; Scherge & Gorb 2001). For example, as any tyre engineer knows, the 
physical properties of the rubber are just as important as the pattern of the tread. Using 
the toe pads of White’s tree frog (Litoria caerulea) as the adhesive surface, this study 
combines a number of techniques to examine the anatomical structure and physical 
properties of an adhesive epithelium that adheres through wet adhesion. Of particular 
interest is the use of an atomic force microscope (AFM); it is the first time this has been 
used in the study of tree frog adhesion. In contact imaging mode, it illustrates the 
structure in living rather than fixed tissue of peg-like nanostructures (‘columnar 
nanopillars’) on the ‘flat’ surfaces of the toe pad epithelial cells. I also used the AFM as 
a nanoindenter to measure the stiffness (the effective Young’s modulus) of the toe pad 
epithelium at different positions on the digital pads. 
 
 
1.1.3 The influence of tarsal secretion on adhesion 
In the smooth tarsal adhesive organs in insects and amphibians, adhesion is mediated by 
a fluid secreted into the contact zone between a surface and the adhesive organ 
(Edwards & Tarkania 1970; Ishii 1987; Walker et al. 1985). The influence of the tarsal 
secretion was subject of several investigations, first presuming “wet adhesion” as the 
main factor of adhesion in insects (Langer et al. 2004; Lees & Hardie 1988; Stork 1980; 
Walker et al. 1985). This theory was supported by experiments by Edwards & Tarkania 
(1970) and Dixon (1990). They show significant lower adhesion when the fluid film on 
a tarsus is removed. However, in both studies the influence on the mechanical properties 
of the smooth insect cuticle of the adhesive pads, which itself has a strong effect on the 
adhesion, could not be excluded. The main problem with the model of “wet adhesion” 
is, that it could not explain the animals’ capacity to generate static and dynamic shear 
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forces as well as static friction forces that are essential for insect locomotion when a 
continuous Newtonian fluid film is present in the contact zone between adhesive organ 
and surface (Federle et al. 2004; Federle et al. 2002).  
Further studies on the influence of the thickness of the liquid layer in the contact area 
show that friction and adhesion significantly increases with a decreasing liquid layer on 
smooth surfaces and decreases on a rough surface (Drechsler & Federle 2005; Drechsler 
& Federle 2006). Furthermore static friction remains clearly present when liquid is 
accumulated in the contact zone (Drechsler & Federle 2006). This static friction found 
in this experiment could not be explained by direct adhesion or the presents of a 
Newtonian liquid. It is suggested that a liquid with non-Newtonian properties prevent 
insects from sliding when not in locomotion. Furthermore the liquid can fill out the 
cavities of rough surfaces to maximize the area of direct contact and therefore increase 
friction forces (Federle et al. 2004; Fuller & Tabor 1975; Persson 2002). New aspects 
on the physical properties of the tarsal secretion of the stick insect (Carausius morosus) 
by Erlinghagen and co-workers (in preparation), using atomic force microscopy, single 
particle tracking and fluorescence recovery after photo bleaching, clearly demonstrate 
the non-Newtonian properties. The advantage of these methods is that only a little 
amount of liquid is necessary for measurements.  
The physical properties of a liquid are determined by its chemical composition. Studies 
on hairy adhesive organs of ladybeetles (Coccinellidae) after Sudan Black staining show 
the non-polar lipid character of the secretion. Usin thin layer and gas chromatography 
support the result, that the fluid is an oily substance (Ishii 1987; Kosaki & Yamaoka 
1996). The components are mainly hydro-carbons, fatty acids and true waxes, which all 
correspond with the composition of insect cuticle. The same is true for chemical 
analysis of the footprints of the beetle Hemispaerota cyanea (Chrysomelidae) by Eisner 
and Aneshansley (2000).  
Chemical analysis of the tarsal secretion of smooth adhesive pads supports the theory of 
an emulsion of polar and non-polar components (Vötsch et al. 2002). Contrary to the 
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findings of Federle and co-worker (2002), who describe a volatile polar component in a 
persistent non-polar liquid, the secretion of Locusta migratoria primarily consists of a 
water-soluble fraction with only a small amount of lipid-like nano-droplets. The lipid 
like component is comparable to the findings from hairy adhesive organs, and 
additionally contains significant amounts of carbohydrates and amino acids. The watery 
component could not be determined in any way. Although most studies state that the 
secreted liquid as an emulsion consists of at least two components, the composition of 
each of the phases and therefore the basis of its physical properties remains unclear. 
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1.2 BIOLOGY OF ANTI-ADHESIVE SURFACES 
1.2.1 Anti-adhesive surfaces in pitcher plants 
Plants of the carnivorous genus Nepenthes (Nepenthaceae) efficiently attract, trap, retain 
and finally digest animal prey in highly modified leaves (Juniper et al. 1989). Within 
these pitcher-shaped leaves, different functional zones can be distinguished by their 
morphological and physicochemical surface characteristics, all of them contributing to 
the carnivorous syndrome (Bohn & Federle 2004; Gaume et al. 2002; Gaume et al. 
2004; Juniper et al. 1989; Knoll 1914). The opening of the pitchers is lined by the 
peristome which plays an important role in prey attraction by visual and olfactory cues 
and by nectar secreted at its inner margin (Lloyd 1942; Moran 1996; Owen & Lennon 
1999). It is also important for the trapping of insects which slide on its fully wettable 
anisotropic surface (Bauer et al. 2008; Bohn & Federle 2004). The surface of the 
conductive zone immediately below the peristome is also recognized as essential for 
trapping and retaining insect prey due to its special downward-directed lunate cells and 
its coverage with a thick layer of epicuticular wax crystals (Knoll 1914; MacFarlane 
1893). Although mechanisms differ significantly, both surfaces are extremely slippery 
for insects and cause the prey to fall into the lower part of the pitcher, the pitcher cup. In 
this part, specialized glands secrete large amounts of a digestive solution in which the 
insects get trapped (Gaume & Forterre 2007) and which finally absorb the insect-
derived nutrients (An et al. 2002a; An et al. 2002b; Owen & Lennon 1999; Schulze et 
al. 1997).  
Surface attachment of insects is principally enabled by interlocking of hard claws and/or 
adhesion of flexible attachment devices to a wide variety of substrates (Beutel & Gorb 
2001). At the cellular level of both Nepenthes pitcher surfaces, trapping efficiency is 
enhanced by the anisotropic arrangement of smooth overlapping epidermal cells (Bohn 
& Federle 2004; Gaume et al. 2004). This arrangement allows the interlocking of insect 
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tarsal claws only during inward locomotion of the prey. Escape from the pitcher by 
using adhesive pads is also hampered by the physicochemical properties of the cuticular 
surfaces of the different pitcher zones. Bohn & Federle (2004) showed that the 
peristome is completely wettable by nectar or rain water, which leads to a coverage with 
a homogeneous liquid films impeding intimate contact between the plant and tarsal pad 
surfaces. For the conductive zone, however, several mechanisms for its slipperiness are 
under discussion. As early as 1914 Knoll describes the epicuticular wax crystals on the 
surface to be easily detachable under the weight load of an insect foot, leading to 
contamination and hence inactivation of the adhesive device. This interpretation was 
supported by the observation that crystal platelets are fastened to lower epicuticular 
layers by thin fragile ‘stalks’ (Gorb et al. 2005; Juniper & Burras 1962). Experiments on 
flies (Calliphora vomitoria) walking on the waxy surface of Nepenthes ventrata 
supported this theory: after 10 minutes of walking little contamination of the adhesive 
setae was found and after 2 hours a completely covered tarsus (Gaume et al. 2004). 
However, investigations that used mechanical sampling strategies to prepare the crystals 
selectively showed that the outermost crystals visible in the SEM do not consist of 
independent platelets but form a continuous three-dimensional network of inter-
connected structures that keeps its structural integrity even after mechanical removal 
from the plant surface (Riedel et al. 2003; Riedel et al. 2007). These observations 
suggest that the extreme slipperiness of the waxy pitcher walls for insects is not only 
exclusively related to the fracture and detachment of wax crystals.  
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2. MATERIALS AND METHODS 
 
 
2.1 STUDY ANIMALS AND PLANTS 
2.1.1 Stick insects (Carausius morosus) 
Adult female stick insects (Carausius morosus SINÈTY, Phasmatidae; body weight: 762 
± 154 mg, length: 79.0 ± 5.7 mm; n=17) were taken from our laboratory colony at the 
RWTH Aachen and were used for the microscopic studies.  
Juvenile specimens (larval state L1 to L3; length: 20 - 25 mm; weight: 19 mg to 88 mg) 
were used for centrifugation experiments. For slip-off experiments juvenile of larval 
state L3 to L5 (length: 40 - 65 mm, weight: 144 - 539 mg) were used. 
 
 
2.1.2 Tree Frogs (Litoria caerulea) 
White’s tree frogs (Litoria caerulea WHITE, Hylidae) were purchased from commercial 
supplies and maintained in glass vivaria at 20 – 24 °C using heat mats. The vivaria 
contained foliage, dishes of Cu-free fresh water to maintain a high humidity, branches 
on which the frogs could climb and Sphagnum mosses for the frogs to burrow into, all 
on a gravel base. They were fed on live house crickets dusted with a Calcium balancer 
and multi-vitamin supplement (Nutrobal, purchased from Peregrine Live Foods, Ongar, 
Essex, England) twice weekly. 
 
 
2.1.3 Ants (Lasius niger) 
Living adult black garden ants (Lasius niger LINNAEUS, Formicidae) were captured near 
the research department in Aachen (Germany). Ants are the native prey of Nepenthes, 
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thus these insects are of greatest interest and were additionally used for slip-off 
experiments of pitcher plant surfaces and for centrifugation experiments. 
 
2.1.4 Pitcher plants (Nepenthes alata) 
Specimens of the pitcher plant Nepenthes alata (BLANCO, Nepenthaceae) were taken 
from a continuous greenhouse culture in the Botanical Garden of the University of 
Würzburg. Pitchers open for approximately seven days were freshly harvested for 
preparations. Rectangular leaf discs of 10 - 15 mm side length were cut from the con-
ductive zone and either air dried for FIB-imaging or freshly used without further 
preparation for AFM-measurements (see figures 3.9 and 3.16). 
 
2.1.5 Artificial surfaces 
For friction force measurements, comparison to the glaucous nepenthes surface and for 
calculation of a model on the interaction of insect tarsi with structured surfaces we used 
artificial surfaces with different surface parameters. As a flat and nearly non-structured 
surface we used Polycarbonate (PC). Surfaces with different profile parameters are 
presented by different types of polishing paper. The graining sizes of the so called 
microgrits abrasive are defined by the sedimentation time of the particles. The particles 
are made of silicon carbide. Further information on particle size and size distribution are 
given by the FEPA-standards 42-2:2006, 43-2: 2006 and ISO 6344 and 8486 
(Federation of European Producers of Abrasives, France). 
The polishing paper (MIRKA, Germany) and its mean grain sizes (in brakes) used in 
our experiments are: P320 (46.2 ± 1.5 µm), P600 (25.8 ± 1 µm) P2000 (10.3 ± 0.8 µm) 
and P4000 (3.0 ± 0.5 µm). 
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2.2 MORPHOLOGY AND ULTRASTRUCTURE 
2.2.1 Scanning Electron Microscopy (SEM) 
External and internal morphology of the insect tarsi and tree frog toe tips were obtained 
using different SEM techniques: (I) overview images of the surface and external parts 
of the adhesive structures were obtained using fixed whole insects and whole toes of the 
frogs. (II) Freeze fractures of the tarsi and toes were used to investigate internal 
structures. 
 
(I) Overview images 
Adult insects (n=2) were shock frozen in a bath of melting pure Ethanol cooled in liquid 
nitrogen at about -114 °C, transferred into -80 °C cold ethanol containing 0.5 % 
glutardialdehyde (GA; Merck, Darmstadt, Germany) and stored at -80 °C for 48 h. 
Afterwards GA concentration and temperature were gradually increased: 2 % GA at -80 
°C for 48 h, 4 % GA at -20 °C for 96 h and 10 % GA at 4 °C for 120 h. After washing 
in hexamethyl-disilazane (HMDS; Merck) and air drying, the specimens were gold 
coated with a sputter coater (Model: Humme, Technics Inc., Alexandria, USA) for 8 
min with a sputter current of 10 mA. The thickness of the gold coat was less than 2 nm. 
Observations were made with a Cambridge Stereoscan S604 scanning electron 
microscope (Cambridge Instruments, UK). Images were digitally recorded using an 
attached i-scan digitizer (ISS Group Services Ltd., Manchester, UK) with an image 
acquisition time of 50 s. 
 
Frogs were killed via a lethal dose of benzocaine. Nine toes from each frog, four from 
the front and five from the back, were fixed in 0.1 M phosphate-buffered 2.5 % 
glutaraldehyde at pH 7.4 for 24 h. Specimens were then rinsed in phosphate-buffered 
sucrose, post-fixed in buffered 1 % osmium tetroxide for 1 h and washed in distilled 
water. Specimens were then dehydrated in an acetone series and critical point dried.  
Samples were mounted and gold-coated before viewing with a Philips SEM 500 
scanning electron microscope. 
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Air-dried material of the glaucous zone of the pitcher plant was sputter-coated as 
described above without further treatments. Observations were made using a Stereoscan 
S604 SEM.  
 
(II) Freeze fracture 
Frozen insect pads (9 arolia of 3 adult individuals) were fractured using a razor blade 
immersed in pure ethanol in a petri-dish cooled down in a styrofoam box with dry ice at 
about -74 °C. The fractured samples were treated like whole insects, as described above. 
 
Fresh toes, removed from frogs killed as described above, were plunged into liquid 
nitrogen at -195 °C. The frozen toes were cracked using a small piece of a razor blade 
held in a needle holder into a number of pieces, with the aim of getting surfaces that 
were at right angles to the toe pad epithelial surface. Following freeze drying overnight 
at -40 °C, the specimens were mounted on holders, sputter-coated with gold and 
examined under the Philips SEM 500 scanning electron microscope.   
 
2.2.2 Transmission Electron Microscopy (TEM)  
For transmission electron microscopy of Carausius morosus, samples (6 arolia of 2 
adult individuals) were shock frozen in pure ethanol at about -114 °C (see above). 
Arolia were fixated in 0.5 % glutardialdehyde solution in pure ethanol at -80 °C for 48 
h, then transferred into 2 % GA solution at -20 °C for 96 h and finally stored at 4 °C in a 
4 % GA solution for further 72 h. The tissues were postfixed for 1 h in 1 % osmium 
tetroxide (Fluka, Switzerland) solution in phosphate buffered saline (PBS; AppliChem, 
Germany), washed in distilled water (3 times for 15 min), and stained for 1 h with 2 % 
uranyl- acetate solution in ethanol (Merck) in a dark environment. After washing the 
tissue in ethanol (70, 80, 90, 96 and 100 %, each for 15 min), the arolia were dehydrated 
two times for 30 min in propylene oxide (SERVA, Germany) and stored for 16 h in a 
mixture of propylene oxide and epoxy resin (Epon; SERVA). After washing in Epon 
(two times for 2 h) the samples were embedded and polymerized for 48 h at 57 °C. 
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Ultra-thin sections were made with a Reichert OmU3 ultramicrotome (C. Reichert AG, 
Austria) and placed on 200 mesh (200 division bars on 25.4 mm) nickel grids (Plano 
GmbH, Germany). Observations were made with a Zeiss EM 10C transmission electron 
microscope (Zeiss, Germany). 
For transmission electron microscopy of tree frog toes, specimens were killed via a 
lethal dose of Benzocaine, the toe were cut off and afterwards dehydrated in an alcohol 
series. Samples were rinsed twice in propylene oxide to remove the alcohol, embedded 
in Spurr's resin and polymerised at 70 °C. Ultra-thin sections (60 - 70nm) were cut on a 
Reichert ultramicrotome. These were mounted on copper grids, stained with uranyl 
acetate (2 % aqueous solution) and lead citrate, and examined using a Phillips TEM 301 
transmission electron microscope (Phillips Electronics N.V., Netherlands).  
 
2.2.3 Light Microscopy (LM) 
For light microscopy of C. morosus, semi-thin sections of the arolium (samples from 4 
Arolia of 2 adult individuals) were prepared by fixing and dehydrating samples as for 
SEM (see section 2.2.1). The dry samples were then embedded in Epon and treated like 
the TEM samples (see section 2.2.2). Polymerised resin blocks were sectioned serially 
with 1 µm thickness using an ultramicrotome (see above). Sections were attached to 
albuminised glass slides, stained with methylene blue at 60 °C and washed with distilled 
water. Observations were made using a Canon PowerShot A70 digital camera (Canon 
Inc, Tokyo, Japan) attached to a standard Olympus light microscope.  
 
2.2.4 Confocal laser scanning microscopy (CLSM) 
Adult stick insects (n=2) were cooled down at 4 °C for 10 min and decapitated. The 
arolia of all six feet were carefully cut from the tarsus using a razor blade, embedded in 
glycerine (80 % in distilled water) on a microscope slide and covered with a cover slip. 
Observations were made immediately after preparation under a confocal laser scanning 
microscope (Leica TCS SP2; Leica Microsystems, Wetzlar, Germany). Using two lasers 
for excitation at 405 nm and 543 nm wavelengths, single projections and serial optical 
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sections of different thicknesses were generated with a 25x objective (Glycerine) and a 
63x objective (Glycerine). The images were stored in a 512 x 512, 1024 x 1024 or 1280 
x 1280 pixel format. The images presented (Fig. 3.4) obtained by combining a 405 nm 
and a 543 nm laser, which yielded the best contrast and image quality.  
 
2.2.5 Focused ion beam treatment (FIB) 
For determining the 3D-structure of the conductive surface of Nepenthes alata focused 
ion beam (FIB) cutting was performed using a Strata FIB 205 (FEI, Hillsborough, 
Oregon) single beam workstation. A focused beam of gallium-ions from a liquid metal 
source was projected onto the gold-coated specimen. The gold-coating was 
approximately 100 nm thick in order to prevent the surface from immediate damaging 
by the Ga-ions. An acceleration voltage of 30 kV was used and the beam current was 
adjusted to 30 pA for imaging of the surface which was observed without further 
treatment. Typically for cutting, a beam current of 300 pA was used and the cutting 
edge was finally polished using a beam current of 50 pA. However the beam current for 
cutting was varied for control purposes from 10 to 1000 pA in order to exclude artefacts 
due to local heating.      
 
2.2.6 Confocal Multi-Pinhole microscopy (CMP) 
The artificial P4000 surface of the polishing paper and the glaucous surface of N. alata 
were analysed regarding to their surface profile parameters. The measurements of the 
were performed using a µsurf custom (NanoFocus, Oberhausen, Germany) Confocal-
Multi-Pinhole microscopy. Using an ocular with 100x magnification, the parameters Ra 
(roughness average), Rq (root mean square roughness), RPc (roughness peak count) and 
Rsm (mean spacing of profile irregularities) were determined regarding DIN EN ISO 
standards.  
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2.3 IN VIVO IMAGING AND MECHANICAL PROPERTIES 
Imaging the surfaces of the adhesive organs and the anti-adhesive surface in vivo as well 
as determination of their mechanical properties was done using an Atomic Force 
Microscope (AFM). The AFM consists of a beam with a pyramidal tip on one side, the 
so called cantilever (Figure 2.1). The beam can be moved in x-, y- and z-axis via a piezo 
crystal. When the cantilever makes contact to a surface it will deflect. A laser beam, 
reflected on the back of the cantilever, now hits onto an optical detector. Moving the 
cantilever in contact parallel to a surface (scanning) results in an image of that surface. 
Indenting a surface with a certain force will provide information on its mechanical 
properties. 
 
 
Figure  2.1: Principal setup of an atomic force microscope. 
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All AFM measurements were performed at room temperature with a Veeco Dimension 
III scanning probe microscope and a NanoScope III Bioscope controller (Veeco, 
Woodbury, NY, USA). To reduce vibrations, the AFM was held by elastic bands in an 
acoustically isolated box. Indentation measurements and imaging were performed in 
AFM contact mode. The AFM was equipped with silicon nitride cantilevers with spring 
constants of 0.01, 0.03 and 0.05 N/m (Type MLCT, Veeco Instruments). The cantilever 
tips had a four-sided pyramidal shape (corresponding to a Vickers-type indenter) with a 
centreline-to-face tip angle of 35° (Fig. 2.2) and a tip radius of about 20 nm. General 
principles of AFM measurements in living biological structures are given by Morris et 
al. (1999). Data were analysed with custom-made software using MATLAB (The 
Mathworks, USA). 
 
 
 
 
Figure 2.2: Vertical section of a 4-sided pyramidal 
indenter of an atomic force microscope with a 
centreline-to-face angle θ of 35°. 
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Two types of AFM measurements were carried out:  
(I) Surface imaging to obtain information on structures in vivo. These surface scans 
were performed on the adhesive organs of both study animals, Carausius morosus and 
Litoria caerulea and the conductive surface of Nepenthes alata.  
(II) Indentation measurements to study the mechanical properties of the adhesive 
organs. These measurements were performed on the surface of the adhesive structures 
of both study animals species. 
 
 
(I) Surface imaging 
The surfaces of the adhesive organs were scanned to obtain information on the structure 
and its mechanical properties in vivo. Because of the anisotropy of friction forces 
previously reported for some insect species with smooth pads (Gorb & Scherge 2000), 
the adhesive surfaces of both, stick insect and tree frog, were scanned in different 
directions. It must be pointed out that, during imaging, the AFM scans the sample in 
only one direction. We therefore scanned adhesive organs in four different ways: 1. 
longitudinally, from distal to proximal (“retrace”), 2. longitudinally, from proximal to 
distal (“trace”), 3. transversely, from left to right (“trace”) and 4. transversely, from 
right to left (“retrace”) (see Fig. 3.11 for C. morosus, scanning directions are indicated 
by black arrows). The scanning direction was changed in random order to exclude 
possible influences from the previous scan. 
Because of the 13°-inclination of the cantilever towards the surface, scanning 
movements along the axis of the cantilever or perpendicular to it could lead to different 
results. Therefore we oriented the insect tarsus at 45° to the axis of the cantilever so that 
both the longitudinal and the transverse scans were performed at a 45° angle to the axis 
of the cantilever. This ensured equal conditions for each of the four scans.  
 
Surface imaging of the conductive surface of N. alata were as well performed under 
changing scanning directions to exclude possible influences from the previous scan. 
Additionally the scanning velocities and forces were varied. 
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(II) Indentation measurements 
For determination of the elastic modulus, we analyzed the indentation force-distance 
curves. Measurements affected by mechanical vibrations, instability and movements of 
the live stick insect were excluded from the analysis. As unloading curves often 
exhibited irregular adhesion peaks due to tip-sample interactions, we used the loading 
curves for technical simplicity. This is also justified due to the absence of plastic 
deformation (Oliver & Pharr 2004). 
For an ideal indentation of a homogeneous flat material the force-indentation relation is 
a power law (Oliver & Pharr 2004): 
 
m
izF .α=           (1) 
 
where F is the applied force, α a material parameter directly related to the effective 
Young’s modulus (see below), zi the indentation depth and m an exponent representing 
the geometry of the indenter. An ideal flat punch without any tip or side effects would 
yield m=1 whereas an ideal pyramidal or conical indenter would yield m=2, if tip 
rounding and side effects can be neglected (Attaf 2004; Malzenbender et al. 2000). In 
our case we investigated a rather soft material with moderate indentation depth, which 
was much larger than the tip radius. Thus the simplifying approximation of m=2 is 
valid, and it was found to be consistent with our data. 
When force-distance curves are measured in the AFM, neither the indentation depth nor 
the force is directly accessible, as we measure the z-position and the deflection of the 
cantilever. The force however is directly proportional to the cantilever deflection (F = 
kd). The indentation depth equals the z-displacement after the point of contact (z0) 
minus the deflection (zi=z-z0-d). The force equilibrium at the tip is 
 
2
0 )( dzzkdF −−== α         (2) 
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Solving the quadratic equation above for the deflection d yields 
 
( ) ( )[ ] ( )20200 22 zzkzzkzzd −−+−−+−= αα      (3) 
 
For the analysis of force-distance curves consisting of two distinct parts representing an 
outer layer (thickness h) of material 1 and an inner layer of material 2 with different 
elastic moduli as we found in the adhesive surface of C. morosus (Fig. 3.12), the 
superposition was modelled as: 
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The force distance curves were fitted using this equation with the free parameters α1/2, z0 
and h being optimized by a Levenberg-Marquart least square fitting procedure.  
For a homogeneous elastic material and a pyramidal indenter, the fitted parameter α 
relates both to the effective Young’s modulus and to the shape of the indenter. Since 
δF/δzi = 2αzi (see Equation 1) and: 
 
AE
z
F
eff
i pi
βδ
δ 2
=   Oliver and Pharr, (2004)    (5) 
where β may be approximated to 1 and A (for A=w2, as w/2=zi tanθ) is calculated as: 
 
2)tan2( θ⋅= izA .         (6) 
 
 The Effective Elastic Modulus Eeff can be calculated as: 
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where θ is the tip angle of the indenter and Eeff is the effective Young’s modulus given 
as 
 
0
2
0
2 111
EEEeff
νν −
+
−
=          (8) 
 
E and ν are the Young’s modulus and the Poisson’s ratio of the sample, respectively; E0 
and ν0 are the same parameters for the indenter. As the indenter material (i.e. silicon 
nitride) is much harder than the pad material, equation (8) can be simplified yielding 
 
21 ν−
=
EEeff           (9) 
 
Thus, if the Poisson’s ratio is known, E can be calculated. As its exact value is unknown 
for the cuticle investigated, however, we will only report the effective Young’s 
modulus. All measurements are reported as mean values with standard deviations and as 
median values, since the data are not normally distributed. 
 
 
2.3.1 Atomic force microscopy measurements on Carausius morosus 
A stick insect was enclosed in an aluminium tube (6 mm inner diameter, 100 mm 
length) on which a thin copper-wire (1 x 60 mm) was bonded to the side (Fig. 2.3). The 
wire overlapped the tube by about 20 mm. The dorsal side of one foreleg tarsus 
(including the 5th tarsal segment and the pretarsus) was fixed to this copper wire using 
melted modelling-wax. The claw tips of the legs were cut off, so they could not get in 
contact with the cantilever. The arolium was placed directly underneath the AFM 
cantilever. To prevent desiccation and minimize the effects of capillary forces, 
measurements were carried out immersed in insect ringer solution (10.4 g NaCl, 0.32 g 
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KCl, 0.48 g CaCl, 0.32 g NaHCO3 in 1 l pure water). The position of the pad was 
controlled via a video camera from underneath. The setup was moved with a home-built 
XYZ micromanipulator. 
During the measurements, the insect was anesthetized by a gentle flow of CO2 applied 
through the end of the metal tube. The flow rate did not interfere with the measurements 
and did not cause any damage to the stick insects. All insects recovered after the 
experiments and were returned to the colony. Two types of measurements were carried 
out using this setup: (I) surface scanning of the arolium and (II) indentation at different 
points on the arolium. 
 
 
 
Figure  2.3: Atomic force microscopy measurements on Carausius morosus. A 
Enclosed stick insect with fixed tarsi. B AFM setup with stick insect on air. 
 
 
(I) Surface imaging 
The scan size for the surface scanning of the arolium was 30 x 30 µm at a scan rate of 
60 µm/s (1 Hz). The applied force of the cantilever was about 6 nN. Three arolia of two 
adult stick insects were used for surface imaging. 
The following surface profile parameters were obtained (see Tab. 3.11): 1. The 
roughness average (Ra), which is the average of the absolute values of the profile height 
deviations from the centreline over the evaluation length, in our case over the whole 
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scanned area. 2. The maximum roughness depth (Rmax), which is the value of the 
distance between the maximum peak to lowest valley of the profile. 3. The mean 
spacing of longitudinal ridges (S), which describes the mean distance between peaks for 
a transverse scan. 
Ra and Rmax were calculated with the NanoScope Software 6.13 (Veeco Digital 
Instruments, Woodbury, New York, USA). S was calculated from 15 transverse line 
scans per image (Fig. 3.11) at regular intervals of 2 µm.  
 
 
 
(II) Indentation measurements 
Measurements of the effective Young’s modulus (i.e. the elastic modulus) of the 
adhesive pad materials were performed with a z-drive amplitude of 1000 nm and at rates 
of 1 or 2 Hz (corresponding to z-velocities of 2 and 4 µm/s, respectively). Two different 
measurements were performed: 
(A) Force-distance curves were recorded in the centre of the adhesive contact zone (2 
arolia from 2 individuals, 10 positions per arolium, each with 20 consecutive 
indentations). The indentation positions were randomly chosen within a small area of 
about 10 x 10 µm, with a distance of at least 1 µm between indentation points. The time 
between consecutive indentations at the same point was 1 s or 0.5 s (for rates of 1 or 2 
Hz, respectively). The indentation data were used to calculate the material properties of 
the adhesive cuticle. 
(B) To assess the variation of the thickness of the soft epicuticle layer, a series of 
additional indentations were performed on the medial distal side of the arolium contact 
zone in a 14 x 14 µm area, with a grid spacing of 2 µm (resulting in a total of 64 points, 
each with 20 consecutive indentations).  
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2.3.2 Atomic force microscopy measurements on Litoria caerulea 
The measurements were performed on three frogs, previously anaesthetised by 
immersion in a solution of 0.25 g/l of benzocaine. This solution was prepared by 
dissolving 5 g of benzocaine in 100 ml of 95 % ethanol, with 5 ml of the resulting 
solution being diluted in 1 l of distilled water. At this concentration of 0.25 g/l, 
prolonged anaesthesia was obtained in about 15 min. For the experiments, the frog was 
laid out ventral side uppermost, with the limb and digit to be studied (largest digit of 
hind limb) fixed to a large glass Petri dish with strips of duct tape (Fig. 2.4). The pad 
was then completely covered in water to avoid electrostatic or capillary interaction 
between the tip of the AFM and the sample. All animals recovered after the experiments 
and were returned to the glass vivarium. 
 
The experiments were registered and approved by the local government (Landesamt für 
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen) and performed according 
to the German law for animal care (AZ: 9.93.2.10.35.07.094). 
 
 
 
Figure  2.4: Atomic force microscopy measurements on Litoria caerulea. A Fixated tree 
frog in a Petri dish, B AFM setup of the measurements. 
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(I) Surface imaging  
The scan-size was 10 x 10 µm at a scan rate of 40 µm/s (2 Hz) for the overview images 
and 5 x 5 µm at a scan rate of 40 µm/s (4 Hz) for the detailed images.  To obtain further 
information on the surface profile parameters, “sections” within the images were 
analysed. These sections enabled us to measure the dimensions of the nanopillars. 
Surface profile parameters such as Ra and Rmax were not calculated. The toe pad was 
scanned under a mechanical impact in the range of 2 to 50 nN. 
 
(II) Indentation measurements 
Measurements of the elastic modulus of the adhesive toe pad were performed with a z-
drive amplitude of 1600 nm at rates of 1 or 2 Hz (see above). Multiple measurements 
were made on three individuals at positions on the pad that varied systematically over 
the pad surface.  
 
 
2.3.3 Atomic force measurements on Nepenthes alata 
 
(I) Surface imaging 
Scanning was performed in contact mode using a silicon-nitride cantilever with a 
nominal spring constant of 0.05 N/m. The scanning force was adjusted from 20 nN to 
250 nN and images were obtained at various scanning velocity ranging from 1 µm/s to 
50 µm/s. Scans were performed at room temperature in an aqueous solution containing 
5 g NaCl, 0.15 g KCl, 0.25 g CaCl, 0.15 g NaHCO3 in 1 l pure water, pH=7.4. The 
freshly cut plant material of 1 cm2 in size was glued using hot glue onto the floor of a 
petri dish which was immediately filled with the aqueous solution and degassed in an 
evacuated desiccator. Immersion was found vital to prevent shrinking artefacts of the 
plant material. Furthermore the use of fresh material was necessary as dried plant 
material exhibited significantly reduced stability of the wax crystals (see discussion).   
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2.4 INTERACTION OF ADHESIVE ORGANS AND SURFACES 
2.4.1 Slip-off experiments 
Two kinds of experiments were carried out to prove if loose wax crystals from the 
conductive zone of Nepenthes alata will adhere to tarsi of insects and if the intact wax 
layer of the conductive zone stays stable under the mechanical load of a slipping insect. 
 
In the first part of the experiments, wax from the conductive zone was separated form 
two pitchers and applied on a glass plate using a stiff paint brush. Specimens of 
Carausius morosus and Lasius niger were put onto this glass plate to run on the loose 
pieces of wax for a few seconds.  
In the second part of the experiments six pitchers opened for about 12 h up to 16 d were 
taken from a pool of N. alata grown under green house conditions. The digestive zone 
and the lid were cut. The conductive part of the pitchers was clamped in horizontal 
direction approximately 10 cm above a beaker, filled with a gentle flow of CO2. 
Specimens of L. niger and C. morosus were put onto the waxy pitcher-surface, directly 
underneath the peristome. The pitchers were than turned into vertical direction to affect 
the slip-off into the beaker. One C. morosus and three L. niger specimens were used for 
each pitcher, resulting in n=6 for stick insects and n=18 for ants. 
Afterwards, insects of both parts of the experiment were anesthetized with CO2 and 
decapitated. The legs were cut, air dried in a petri dish on silica gel at a temperature of 
28 °C for 24 h and gold-coated for 5 min (10 mA sputter current, gold layer less than 2 
nm). Observations were made using Cambridge Stereoscan S604 SEM. Possible 
contaminations of the adhesive organs, especially the arolia and tarsi, as well as the 
tarsal hairs by wax crystals or other wax residuals were documented. Pieces of the 
pitcher surfaces, from which the ants slip-off, were cut, air dried and gold sputtered. 
Observations of the waxy surfaces were done using SEM to achieve information about 
the crystals after the slipping of insects. 
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2.4.2 Adhesion and friction measurements by centrifugation 
To measure attachment forces of insects, we used a centrifuge technique similar to the 
method described by Federle and co-workers (2000, 2004). C. morosus were placed 
onto a turntable coated either by a flat polycarbonate (PC) plate or by the polishing 
paper with different grain sizes. A strobe light synchronized to the revolutions of the 
centrifuge through a photoelectric barrier was used for illumination so that a standing 
image of the insect on the rotating surface could be seen. The centrifuge was filmed 
from above (distance 0.9 m) with a standard 25 Hz CCD video camera (Panasonic F15). 
Revolutions per minute of the centrifuge were recorded with the stroboscope and the 
radius at which the insect detaches was measured by marks which were placed on the 
surface under investigation at 10 mm radial intervals. Individual C. morosus were 
placed on the turntable and the rotation was slowly accelerated until detachment 
occurred. The centrifugal force at the time of detachment was taken as the friction force 
reached by the insect under investigation. As shown recently, other forces are small in 
comparison to the centrifugal force. Additionally, in the present study only relative 
changes and not the exact absolute values of the forces were important, yielding the 
described method sufficient and adequate.  
 
 
2.5. CHEMICAL COMPOSITION OF THE TARSAL SECRETION 
The chemical composition of the tarsal secretion of Carausius morosus was 
characterised using gas chromatography and mass spectrography (GC/MS). Because of 
results previously reported by Federle (2002) and Vötsch (2002), suggesting that the 
liquids secreted by insects consists of an apolar persistent and a polar volatile 
component, three different approaches for the analysis were chosen: (I) Analysis using 
solid phase micro extraction (SPME) and (II) analysing droplets of the secretion directly 
from the inside of an inlet liner. Both seemed to be capable to analyse the components, 
especially the volatile fraction. Using the SPME fibres, the sample was given directly 
onto the fibre and absorbed into the coating, so the volatile component did not 
volatilize. In the second approach the sample was given directly into the inlet liner. The 
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volatile component could now evaporate but the gas exchange was minimized by the 
small openings of the inlet liner. The identification of water within the tarsal secretion 
was done in approach (III) using Fourier-transform-interference-spectroscopy (FT-IR). 
 
The stick insects used for all chemical analysis were kept in a glass terrarium, which 
was previously cleaned with 70 % ethanol. This was necessary to ensure that no 
particles or other residuals from plants, soil or other materials from within the terrarium 
were left on the tarsi. Additionally, the tarsi were observed using a stereo microscope 
(Novex P-10, Fa. Euromex Microscopen B.V., Arnheim, Netherlands) and possible 
particles removed using a featherweight forceps. 
 
 
(I) Solid phase micro extraction (SPME) 
For the measurements two kinds of solid phase micro extraction fibres were used. One 
with a 65 µm polydimethylsiloxane/divinylbenzene (PDMS/DVB) coating which is 
used mainly for polar and volatile analytes and one with a 100 µm polydimethylsiloxane 
(PDMS) coating, which is used mainly for non-polar and volatile analytes (see Supelco 
SPME Bulletin 923). 
Living specimens of C. morosus were enclosed into an aluminium tube (6 mm inner 
diameter, 100 mm length) so they were not able to escape.  The arolium of a tarsus was 
brought into contact to a SMPE fibre and slightly pressed onto it about 20 times. 
Afterwards the same arolium was moved over the fibre in contact about 10 times over a 
length of abut 10 mm. This procedure was repeated using 10 arolia of 5 specimens for 
each fibre. The fibre holder was then penetrated though the septum of the inlet liner, the 
fibre exposed into the inlet liner and analysed. Before each measurement the fibre was 
conditioned at 250 °C for 30 min. Three measurements with each fibre were performed. 
 
The qualitative composition of the secretion was studied with capillary GC (8000Top, 
Fisons Instruments, Rodano-Milan, Italy; 30 m x 0.32 mm inner diameter, DB-1, df = 
0.1 µm, J & W Scientific, Folsom, CA, USA) with Helium carrier gas inlet pressure 
constant at 30 kPa and mass spectrometric detector (MD1000, Fisons; 70 eV, m/z 50–
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850). GC was carried out with temperature-programmed injection at 50°C. The 
temperature of the oven was 2 min at 50 °C, raised by 10 °C/min to 320 °C and held for 
20 min at 320 °C. 
 
 
(II) Direct inlet liner analysis (DILA) 
A GC inlet liner (Sigma-Aldrich Co., USA) with an inner diameter of 3 mm was 
cleaned by heating to 320 °C, held for 3 hours and cooled down to room temperature. 
The leg of a stick insect was then put into the inlet liner. When the arolium made 
contact and adhered to the inner surface of the liner, the leg was slowly pulled over a 
distance of 10 to 15 mm. This was repeated with 6 legs of 3 insects up to 6 times for 
each leg. Immediately after the last repetition the inlet liner was carefully assembled to 
the GC. The temperature of the GC at this time was about 22 °C. 
The qualitative analysis of the droplets within the inlet liner was performed with 
capillary GC-MS (HP 6890 GC with HP 5973 MS; Hewlett Packard, Avondale, PA, 
USA) with Helium carrier gas. GC was started with an injector and oven temperature of 
about 22 °C. After heating up the inlet liner to 280 °C the sample was released onto the 
column. The temperature of the column was constantly raised up to 280 °C within 30 
min and held for 20 min at 280 °C. Before each analysis a blank value measurement 
was performed using the same inlet liner but no sample. Form a total of 27 
measurements only 9 were usable due to technical problems with the GC. 
 
Components of both approaches were identified by comparing their mass spectra with 
data from the NIST mass spectral library. Only components with a possible correlation 
of over 90 % to the library were used. Furthermore the measurements of each approach 
were compared. Components that were found only in less than 50 % of the 
measurements were excluded from the results. 
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(III) Fourier-transform-interference-spectroscopy (FT-IR) 
The diamond of a FT-IR-spectrometer was cleaned with acetone. The arolia of the 
foreleg of 2 to 4 stick insects were slightly pressed onto the diamond. When the arolium 
made contact the leg was slowly pulled parallel to the surface several times (about 5 
times for each leg). Blank samples with an acetone-cleaned diamond were performed 
before each measurement. 
The analysis was performed with a Perkin Elmer Spectrum 100 FT-IR (Waltham, 
Massachusetts, USA), equipped with a diamond zinc/senide attenuated total reflectance 
(Diamond Zi/Se ATR) and the analysis software Spectrum Version 6.1.1.  
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3. RESULTS 
 
3.1 MORPHOLOGY AND ULTRASTRUCTURE 
3.1.1 The adhesive organ of Carausius morosus 
The tarsus and the adhesive organ of Carausius morosus show the same features as 
described for representatives of the Blattodea and Orthoptera (Beutel & Gorb 2001; 
Slifer 1950). The tarsus is divided into five segments, and the pretarsal arolium is 
located in between the claws. The adhesive contact zone of the arolium is kidney-
shaped and reveals a smooth surface with no visible structures in light microscopy and 
low magnification SEM images (Fig. 3.1A). It is surrounded by sclerotised pretarsal 
structures, the planta on the proximal side and the manubrium on the dorsal side. The 
overall adhesive contact area of the arolium of a foreleg in adult stick insects had an 
average size of 793 µm (±109 µm) x 320 µm (±51 µm) (width x length; n=11). There 
were no differences in the general structure between fore, middle and hind legs. Higher 
magnification revealed fine grooves running along the longitudinal axis of the tarsus 
(Fig. 3.1B). 
Figure 3.1C, D shows semi-thin cross-sections, Fig. 3.2 SEM freeze fractures and Fig. 
3.3 TEM images of the arolium and its adhesive cuticle. The fibrous inner structure of 
the arolium cuticle in C. morosus is similar to that of other smooth pads (e.g. 
Melanoplus differentialis (Slifer 1950), Tettigonia viridissima (Gorb et al. 2000). 
Starting from the surface of the adhesive organ, the thin, outermost layer is the electron-
dense cuticulin layer of the epicuticle. In the TEM images it appears dark and non-
structured with a thickness of 10 - 20 nm (average of 16 ± 8 nm, 17 measurements from 
3 samples) (Fig. 3.3B). The subjacent inner epicuticle layer appears brighter in the TEM 
images but is also amorphous (Fig. 3.3A, B). The thickness of this layer varied between 
100 nm and 400 nm (mean 208 ± 103 nm). This layer is traversed by fine electron-dense 
lines of 15 - 25 nm width, which can be seen in the TEM images to consist of 
filamentous structures of only ca. 6 - 7 nm width (Fig. 3.3B, C). By analogy with 
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similar structures found in the cuticle of other insects we conclude that these structures 
represent pore canals containing numerous filaments (Locke, 1961).  
 
 
 
Figure  3.1: A SEM image of the tarsus and the adhesive structure (arolium) of C. 
morosus. B SEM image of the ultrastructure of the arolium. C, D Semi-thin, transverse 
section of the arolium, light microscopy. AR arolium, CL claw, ED epidermis, EN 
endocuticle, EU euplantulae; FI fine fibres; MA manubrium; PRO procuticle; PL planta; 
PR  principal rods; TA5 fifth tarsal segment. Scale bars: A 400 µm, B 4 µm, C 200 µm, 
D 20 µm. 
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Figure  3.2: Ultrastructure of the arolium cuticle, freeze fractures. A Overview of pad. 
The black squares indicate the position of detail views B, D and E. B and C Principal 
rods (PR) branching into fine fibres (FI), and connecting filaments (CF). D Layered 
construction of the arolium cuticle and the same area shown in false colours E. ED: 
epidermis; EN: endocuticle; EPI: epicuticle; PRO: procuticle with rods. Scale bars: A 
100 µm, B, D, E 40 µm, C 4µm. 
 
 
Underneath the inner epicuticle, there is a thick procuticle (Figs. 3.1C, D, 3.2B, D, E 
and 3.3A). It contains principal (first order) cuticular rods, which are oriented almost 
perpendicularly to the surface (Figs. 3.1C, D, 3.2B, D, E). The length of these rods 
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ranged from 44 - 74 µm (mean 64.8 ± 9.1 µm; n=26), and their diameter from 0.89 - 
3.38 µm (mean 1.65 ± 0.75 µm; n=30). In the outer 2 – 4 µm of the procuticle, the 
principal rods ramify into finer (second order) branches (Fig. 3.1C, D, 3.2D, E). 
Branching of fibres close to the surface has also been reported from smooth adhesive 
pads of other insects (Beutel and Gorb, 2001; Gorb et al., 2000; Kendall, 1970; Slifer, 
1950). 
 
 
 
Figure  3.3: A Section of adhesive arolium cuticle in C. morosus, TEM image. The 
cuticle fibres close to the surface are branches of the principal rods from the deeper 
procuticle. B and C: Details of epicuticle with pore canals and cuticulin layer. EPI: 
epicuticle; PRO: procuticle; CT: cuticulin layer; PC: pore canals; PF: pore canal 
filaments. Scale bars: A 1 µm, B 500 nm, C 200 nm. 
 
 
Using confocal microscopy, we found that the principal rods are arranged over the 
contact zone of the arolium in a regular pattern. They are aligned in rows running from 
the proximal to the distal side of the contact zone (Fig. 3.4). At the proximal end of the 
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arolium contact zone (Fig. 3.4) the rods are seen in cross-section (i.e. parallel to the 
optical axis). Inside the contact zone, the rods are oriented distally, i.e. they stand at an 
angle to the optical axis (this can also be seen in Fig. 3.2). The superimposed image of 
several rods seen using CLSM gives the impression of thick and long "hyper-rods", 
running longitudinally through the pad contact zone. 
 
 
Figure  3.4: Longitudinal rows of principal rods in the arolium cuticle, ventral view of the 
contact zone CLSM (excitation wavelength: 405 and 543 nm). Black arrow indicates 
distal direction of the arolium. A Overview, B details of the longitudinal structures. 
 
 
The transverse spacing between the principal fibres and thus between the rows they 
form is 1.5 - 5.5 µm (mean 4.05 ± 1.25 µm; n=15) (Figs. 3.1D and 3.4). Underneath the 
layer of the principal rods lies the procuticle. It adjoins to the epidermis and appears 
unstructured (Fig. 3.1D). The space underneath the epidermis is filled with hemolymph. 
Because of the preparation and drying of the tissue, the interior part of the arolium 
appears sponge-like in the freeze-fracture SEM-images (Fig. 3.2A). 
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3.1.2 The adhesive organ of Litoria caerulea 
Litoria caerulea possesses large disk-like pads on the tip of each toe that aid adhesion 
(Fig. 3.5A), like other tree frogs. As can be seen from SEM studies, the epithelium of 
toe pads is specialised, and is delineated from normal skin epithelium by a number of 
grooves, of which, in immature Litoria, the best-developed one is the circumferal 
groove running around the top and sides of each toe pad (Fig. 3.5B). As the frog grows, 
two prominent grooves develop which separate each of the pads into a medial and two 
lateral parts (not shown). At higher magnification (Fig 3.5C), the epithelial cells appear 
to be columnar, with flat tops separated from each other at their apices. Most are 
hexagonal, but, as the figure shows, some are pentagonal and a few heptagonal. Pores of 
mucous glands open into the channels between the epithelial cells (Fig. 3.5C). Toe pads 
thus possess an outer layer consisting of a hexagonal array of flat-topped cells separated 
by mucous-filled grooves, as in other tree frog species (Green 1979; Green & Simon 
1986; Hertwig & Sinsch 1995; McAllister & Channing 1983; Mizuhira 2004; Welsch et 
al. 1974) . 
Figure 3.5D is the first to give any indication that the flat surface of the epithelial cells 
possesses its own nanostructures. In surface view (Fig. 3.6A) these appear as a tightly 
packed array of (mostly) hexagonal structures, each with a poorly defined central 
structure. At equivalent magnification, sections of the toe pad epithelium viewed under 
the TEM (Fig. 3.6B) show both the deep channels that separate the epithelial cells at 
their apices and the closely packed columnar nanopillars. Those nanopillars are 
approximately as tall as they are broad, separated from one another by narrow clefts and 
appear dark in the image, because of its electron-dense material. In many species (the 
inset shows the hylid Scinax ruber) the nanopillars seem to form the ends of fibrils that 
run at right angles to the surface from deep in the cytoplasm, but this is not the case in 
immature Litoria caerulea.   
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Figure  3.5: A Immature White’s tree frog, Litoria caerulea (snout-vent length, approx 
40 mm). B-D Scanning electron microscopy images of toe pad epithelium. B Low-
power micrograph of whole pad of a juvenile frog. C Medium-power micrograph 
showing a mucus pore and (mainly) hexagonal epithelial cells separated from each 
other at their distal ends by channels. D Higher power micrograph indicating the 
presence of nanostructures on the ‘flat’ surface of the epithelial cells. 
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Figure  3.6: Nanostructural features of the adhesive surface of toe pad epithelial cells. 
A High power scanning electron micrograph images showing a surface view of the 
(largely) hexagonal nanostructures that form a dense array on the external surface of a 
toe pad epithelial cell. B High power transmission electron micrograph images showing 
one of the channels that separate adjacent epithelial cells and a side view of the 
nanostructures, which are themselves separated from each other by narrow channels. 
The inset shows similar nanostructures on a toe pad of the hylid tree frog, Scinax 
ruber. Here the nanostructures are associated with filaments running at right angles to 
the cell surface. Scale bars A and B: 1 µm. 
 
 
Freeze fracturing the toe pad tissue before viewing it under the SEM provides a side-on 
view of cytoskeletal elements within the toe pad epithelium (Fig. 3.7). The figure shows 
parts of two epithelial cells, their outer surfaces being at the top of the electron 
micrograph, while the channels between them and their neighbours are the u- or v-
shaped structures at the top left, top centre-right and top right of the image. Cytoskeletal 
elements appear as a loose lattice or sponge-like structure. Conspicuously, the diameters 
of the pores of that structure are smaller towards the adhesive surface of the toe pad cell. 
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The pores directly underneath the surface have diameters less than 0.5 µm and form the 
borders of the nanopillars. Within the underlying cytoplasm the diameters of the pores 
are larger (>1 µm), while in deeper layers there is just a loose lattice of cytoskeletal 
material. Therefore the concentration of cytoskeletal elements is higher at the outer 
surface of the epithelial cells according with the TEM studies (Fig. 3.6).  
 
 
 
Figure 3.7: Freeze-fracture image of a toe pad showing a side view 
of parts of two epithelial cells. Note that cytoskeletal elements are 
concentrated in the outer ‘nanopillar’ layer (top of picture), with only a 
loose sponge-like lattice of cytoskeletal material beneath. Scale bar: 
5 µm.  
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3.1.3 The conductive surface of Nepenthes alata 
Scanning electron microscopic investigation of Nepenthes alata pitchers (Fig. 3.8B, C) 
resembled exactly the morphology previously described in the literature (Gaume et al. 
2004; Riedel et al. 2003; Riedel et al. 2007).  
 
 
Figure 3.8: Morphology of a pitcher of the carnivorous plant Nepenthes alata. A 
Macroscopic view. The opening of the pitcher is covered by a lid (LI) and lined by the 
peristome (PE) with a fully wettable, anisotropic surface. The inner pitcher wall of the 
conductive zone (CZ) is covered by a thick, glaucous and superhydrophobic layer of 
epicuticular wax crystals. Prey is digested by a liquid within the pitcher cup (PC) B 
SEM image of the conductive zone from an air-dried pitcher. The epidermis is 
characterized by modified stomata that hamper interlocking of insect tarsal claws and 
by coverage of the cuticle with a continuous layer of epicuticular wax crystals. C The 
outermost parts of the epicuticular wax platelets stand upright exposing their narrow 
sides to the lumen of the pitcher and represent the top layer of a more complex 
crystalline structure that lies underneath and extends to the cuticle surface. 
30µm 
LI 
PE 
PC 
CZ 
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Immediately below the rim of the pitcher the inner wall surface of the conductive zone 
exhibit a glaucous wax bloom (Fig. 3.8A). SEM images revealed that the wax bloom 
covers all epidermal cells, including the lunate cells, as a continuous layer (Fig. 3.8B). 
Platelet-shaped wax crystals with entire margins protruded from the underlying 
structures, standing almost upright and therefore exposing their narrow sides (Fig. 
3.8C). The wax crystals showed a random pattern of orientation creating free air spaces 
of different width (Riedel et al. 2003). 
 
Focused Ion Beam (FIB) technique was used to visualize the 3D-structure of the 
epicuticular wax layer and the organisation of the wax crystals. Use of this technique 
was necessary because freeze fracture of the wax crystal zone yielded samples with 
damaged breaking edges. For FIB-cutting, gold-coated samples from the conductive 
zone were used with an apparently intact wax layer in the proximity of the cutting edge 
(Fig. 3.9A, C). A rectangular area of about 20 x 5 µm was cut out of the sample (Figure 
3.9B, D) and the FIB-cutting edge was finally ion-polished. Scanning electron 
micrographs of the FIB-cutting edge at higher magnifications (Fig. 3.10) clearly showed 
the 3D structure of the epicuticular wax. 
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Figure 3.9: FIB-cutting of conductive zone plant material. A Position at the scissor-
cut edge of the plant-material was chosen for FIB-cutting where only little damage 
of the surface was visible and which exhibits a convex form. This is shown in a top 
view (A) and under an angle of 45° ( C) of the identical position. After cutting out a 
rectangular pattern and polishing (B) a sharply cut smooth surface becomes visible 
when observing under an angle of 45° ( D). 
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Figure 3.10: High resolution image of a polished surface 
observed under 45°. It is evident that the epicutic ular wax 
consists of a spongy structure of approximately 3 µm thickness, 
protruding from more compact layers of about 2 µm that 
represents the cross-sected periclinal cell wall and the 
superimposed cuticular membrane. 
 
 
Instead of a single layer of isomorphic platelet-shaped crystals a sponge-like or 
trabecular structure became visible. This sponge-like layer showed a fairly constant 
thickness of about 3 µm and the mesh size of the sponge decreased towards the compact 
lower epicuticular wax layer. Apparently, the platelet-shaped crystals described so far 
are only the outermost structure of the porous material. To exclude artefacts due to local 
heating by the FIB, the experiments were repeated with different ion currents. Yielding 
identical structures under all ion currents (not shown) clearly indicated that no local 
heating took place.   
 
 
3. Results 
48 
3.2. IN VIVO IMAGING AND MECHANICAL PROPERTIES 
3.2.1 Atomic force microscopy on Carausius morosus 
 
(I) Surface imaging 
In the first experiment, the surface of an adhesive pad was scanned in longitudinal 
direction (Fig. 3.11A, B). The two images obtained were in all cases very similar. Only 
a small shift in x- and y-direction of the whole image could be seen due to a deficient 
synchronisation of the AFM scanner. “Trace” and “retrace” height profiles of the 
longitudinal scans at the same positions were very similar in terms of their maximum 
roughness depth (Rmax), the average roughness (Ra) and the mean spacing of 
longitudinal ridges (S). These data are summarized in table 3.1. 
 
 
Table 3.1: Surface profile parameters of the AFM scans shown in Fig. 3.11 
 Longitudinal Transverse 
 Trace Retrace Trace Retrace 
Rmax [nm] 423 349 760 734 
Ra [nm] 31.0 29.7 80.3 82.4 
S [µm] 3.38 ± 1.19 3.13 ± 1.11 3.59 ± 1.50 3.35 ± 1.06 
 
 
The difference between trace and retrace scans was also negligible when the pad was 
scanned in transverse direction (Fig. 3.11C, D; Table 3.1). However, the height profile 
was considerably different from that measured with longitudinal scans (see Figs. 3.11A 
vs. C, and 3.11B vs. D). The topography obtained by the longitudinal scanning was 
much shallower than the corresponding "transverse" profile. However, the spacing of 
longitudinal ridges (S) remained similar. 
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Figure 3.11: Topographic AFM images of the arolium in C. morosus. All 
images show the same area of the pad, but under different scan directions and 
scan angles. A and B shown the surface profile of the longitudinal scans (A 
trace, B retrace) and C and D show the surface profile of the same area of the 
transversal scans (A trace, B retrace). The scanning direction is additionally 
indicated by black arrows. The distal direction (i.e. to the leg tip) in every 
scan is toward the top of the images. Underneath each surface image the 
profile of a section through the scanned area is given. The position of the 
section within the scanned area is given by white lines within the scan images. 
 
 
(II) Indentation measurements 
The AFM force-distance curves of the whole arolium showed a characteristic shape 
(Fig. 3.12). When the tip of the cantilever made contact with the pad (Fig. 3.12, contact 
material 1), only a very small deflection occurred, indicating a very low effective 
Young’s modulus for the outermost layer of about 200 nm thickness (section 1). From 
that indentation depth onwards, the deflection increased more strongly, indicating the 
presence of a harder material (Fig. 3.12, contact material 2). This layer (section 2) was 
thicker than the z- range of the AFM scanner (i.e. > 2 µm). 
The indentation curves did not show a simple exponential shape as expected for the 
indentation of a homogeneous material, but consisted of two distinct parts. Hence the 
two curve sections were analyzed separately, to fit equation 3 (see Material and 
Methods) as indicated in figure 3.12. The transition point was determined by the fitting 
algorithm. 
From the fitted curves, values of α and the effective Young’s modulus (Eeff) were 
calculated according to equation 5. For the outer layer, we obtained a thickness of 213 ± 
56 nm and an effective elastic modulus of 12 ± 3 kPa (mean ± S.D.; n=204 
measurements from 17 positions on 3 arolia from different stick insects; range: 8 - 26 
kPa), for the inner layer, however, a much higher value of 625 ± 291 kPa was found 
(mean ± S.D.; n=204; range: 188 to 1244 kPa). Because the Eeff of the thin outer layer 
was less than 5 % of that of the inner layer, its presence had only a minimal influence 
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on the indentation of the thick inner cuticle and was therefore neglected. The good 
correspondence between data of the measurements and the fit (Fig. 3.12) indicates that 
this approximation is justified.  
 
 
 
Figure 3.12: Force-distance curve of indentation experiments on 
the arolia of C. morosus. The indentation curve shows two 
characteristic segments, indicating a change of material 
properties. The black triangle denotes the point where the 
cantilever made contact with the pad (contact material 1) and 
where the smooth outer layer (section 1) is situated. The point 
where the slope of the curve changes due to the interaction of 
the tip with the harder pad material is indicated by the grey 
triangle (contact material 2). At this point the elastic modulus is 
much higher (section 2). From the fits of the first (fit material 1) 
and second (fit material 2) part of the curve results the final fit (fit 
material 1 and 2) of the whole curve. 
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Consecutive indentations at the same point did not reveal any significant changes, 
indicating that the indentation of the pad material was not influenced by viscous effects 
or plastic deformation. This was also confirmed by scans of the indented area, which 
showed no visible effects of the previous indentations. 
 
Our indentation measurements indicated a regular pattern of the thickness of the 
epicuticle layer. As the thickness of the epicuticle was derived from the force distance 
curves (cf. Fig. 3.12), the data shown in figure 3.13 illustrate the thickness of the 
epicuticle independent of the topography of the adhesive surface. The figure suggests 
that there are lines of thicker epicuticle running along the proximal-distal-axis of the 
arolium, with a spacing comparable to that of the longitudinal ridges found in the AFM 
topography (Fig. 3.11) and the rows of principal rods visible in the CLSM images (Fig. 
3.4). 
 
 
 
Figure  3.13: Thickness of the epicuticle as estimated from the AFM force-distance 
curves. Measurements were performed in a 14 x 14 µm area with grid interspaces of 
2 µm. Zero on the z-axis corresponds to the arolium surface. 
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3.2.2 Atomic force microscopy of Litoria caerulea 
 
(I) Surface imaging 
As recognised by the measurements on the adhesive surface of Carausius morosus (see 
section 3.2.1), the use of atomic force microscopy has the advantages that it allows the 
analysis of material properties at a high spatial resolution, due to the small size of the 
pyramidal tip and the low forces of indentation. This makes it possible to examine the 
properties of the external adhesive surface independent of the mechanical arrangement 
of the adhesive pad as a whole. Additionally, and no less importantly, it enables us to 
analyse structures in living tissues, avoiding the shrinkage and deformation of structures 
that frequently results from tissue fixation. When applied to very soft tissues, as for 
example the adhesive surface of an arolium or toe pad, cantilever load is a critical 
parameter; too high and you ‘plough’ through the tissue damaging the cantilever, too 
low and you do not follow contours accurately. During indentation experiments, such 
problems also led to a number of occasions where the fit of the actual data to the 
theoretical curve was poor, presumably because of cantilever damage. This was tested 
using ‘goodness of fit’ criteria as described by (Baumgartner et al. 2000). Such data 
were excluded from the calculations of Effective Elastic Modulus and resulted in gaps 
in our mapping of Eeff in different regions of the toe pads (Table 3.2). In spite of these 
difficulties, we have confidence in the results presented here. The nanostructural 
features revealed by using atomic force microscopy match the results obtained by the 
electron microscopical techniques too well for our AFM images to be artefacts. Also 
force-distance curves derived from indentation experiments were an excellent match to 
theoretical curves for soft, elastic materials (Fig. 3.16A).  
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Table 3.2: Measurements of the stiffness of tree frog toe pad epithelium. Estimates of 
Young’s Modulus of elasticity (mean ± standard deviation) from atomic force 
microscopy. Multiple measurements on 3 subadult Litoria caerulea from different 
positions on the toe pads.  Overall mean was 14.4 ± 20.9 MPa; median was 5.7 MPa.  
Frog Nr. Position N α (nN/nm2) Eeff (MPa) 
1 distal 10 2.7 × 10-5 ± 2.6× 10-6 0.03 ± 0.003 
1 middle 10 4.5 × 10-3 ± 8.0× 10-4 5.70 ± 1.01 
1 proximal 10 4.8 × 10-4 ± 2.3× 10-5 0.61 ± 0.03 
2 proximal 10 2.0 × 10-2 ± 7.0× 10-3 25.32 ± 8.86 
2 middle 12 6.5 × 10-3 ± 2.0× 10-3 8.23 ± 2.53 
3 proximal 15 1.3 × 10-2 ± 9.6× 10-3 16.46 ± 12.15 
3 proximal 17 1.8 × 10-3 ± 4.0× 10-4 2.28 ± 0.51 
3 middle 14 5.2 × 10-2 ± 4.6× 10-2 65.83 ± 58.24 
3 distal 14 4.3 × 10-3 ± 1.4× 10-3 5.44 ± 1.77 
 
 
Typical AFM-images and a 3D-reconstruction of the surface topography are shown in 
figure 3.14. The AFM-images broadly confirmed the morphological findings obtained 
by SEM and TEM measurements. The images of the toe pad epithelial cells (Fig. 3.14) 
clearly show the rough surface of each cell and the deep channels that separate them. 
Furthermore, the deflection image (Fig. 3.14C) clearly revealed the dense array of 
columnar nanopillars, referred to as peg-like hemidesmosomes by other authors (Ernst 
1973). However, the term hemidesmosomes is misleading as the structures observed 
obviously do not correspond to the cell organelles of that name, which bind epithelial 
cells to the basement lamina (Alberts et al. 2002). The topography was consistent in all 
frogs studied and throughout the adhesive organ. Neither changing the scanning 
direction nor variation of the scanning force significantly changed the principal 
structure. However, the width of the nanopillars was increased by increasing the 
scanning force from about 2 to 30 nN from a value of 313.8 ± 78 nm to 409.9 ± 76.7 
(p<0.001; d.f.=188; t-test; measurements from 4 scans, from different areas of the same 
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toe pad). This indicated a rather soft material for these nanopillars. Interestingly, the 
AFM-images illustrated a feature of the nanopillars not clearly visible in fixed tissue: 
the presence of a depression or ‘dimple’ on the top of each nanopillar. Close 
examination of these dimples in deflection images indicated that the wall surrounding 
the dimple was not continuous but had one or two channels connecting the dimple with 
the surrounding space between the nanopillars. These are indicated by the arrowheads in 
Fig. 3.14D.  
To analyse the nanopillars further, height profiles were calculated from the topography 
data. A typical example of such a profile is depicted in figure 3.15. Nanopillars with an 
average width of about 326 nm can be clearly identified to possess a central shallow 
depression (dimple), about 8 nm in depth. Making these measurements on 199 
nanopillars (7 scans including the 4 described in the previous paragraph; scanning 
forces were 2 nN and 30 nN) yielded an average width for the nanopillars of 326 ± 84 
nm, which is comparable to the data obtained by SEM and TEM measurements, and an 
average depth of the central dimple on the nanopillars of 7.7 ± 4.2 nm. 
 
 
3. Results 
56 
 
Figure 3.14: Three-dimensional reconstruction of the surfaces of parts of three toe 
pad epithelial cells of Litoria caerulea, showing the rough surface of each cell and the 
deep channels that separate them. B, C Atomic force microscope images (B height 
and C deflection) of part of one of these cells, indicated by the outline in A. The height 
image (of which B is a part) was used for the three-dimensional reconstruction (A). 
The deflection image (C) clearly shows the dense array of peg-like nanopillars that 
constitutes the adhesive surface of the epithelial cells. D Enlargement of a part of the 
deflection image showing more detailed appearance of the nanopillars. The arrows 
indicate gaps connecting the dimples with the surrounding channels. For the height 
image (B), the colour gradient covers the range 0 - 500 nm, while for the deflection 
images (C) and (D) the range is 0 - 6.5 nm. 
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The heights of the nanopillars were also measured (21.4 ± 8.4 nm), but are not included 
in the figure since they seriously underestimate the height of the structures as seen 
under transmission electron microscopy (Fig. 3.6B). Presumably the tip of the AFM 
cantilever was unable to penetrate the narrow channels between the nanopillars 
effectively. Indeed, given the dimensions of the AFM cantilever, it can be calculated 
that its tip would be able to penetrate the channels only to a depth of about 18 nm, 
assuming the channel width of 25 nm estimated by Federle and colleagues (2006).  
 
 
 
Figure  3.15: AFM height profiling of tree frog’s toe pad epithelium. A The white line in 
the deflection image showing the section from which the height profile (B) was taken. 
The two crosses delineate a columnar nanopillar that lay precisely on the profile line, 
showing that these peg-like structures have a small dimple at their centres. C Average 
values (mean ± standard deviation) of the width of the nanopillars and the depth of the 
dimples based on 199 measurements from height profiles such as that shown in B.   
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(II) Indentation measurements 
In order to quantify the mechanical parameters of the frogs’ adhesive pads, we 
performed indentation experiments by recording force-distance measurements with the 
AFM. A typical force-distance cycle is depicted in figure 3.16A. As a control, all 
cantilevers used were initially tested on a glass plate.  The corresponding force-distance 
curve is shown in figure 3.16B. The curves had characteristic and reproducible shapes. 
While for the glass plate, representing a hard material, the deflection increased almost 
immediately after the tip has touched the surface with a slope of 1, the curve obtained 
on the frog’s adhesive pad clearly showed a very different slope. After the tip has 
touched the surface, the deflection started slowly indicating that the z-movement of the 
piezo-actuator was mainly transferred to indentation of the soft pad material. Then the 
slope of the curve increased continuously as, because of the pyramidal form of the tip, 
the pad material resistance increased while the spring constant of the cantilever stayed 
constant. The green lines in the figures show the theoretical fits of the data according to 
the theoretical behaviour described in the Materials and Methods section. As discussed 
above, the fits were very good indicating that the assumptions of ideal indentation of a 
pyramidal tip in a homogeneous thick material were well fulfilled. Repetitive 
measurements did not reveal any significant plastic deformations (not shown); i.e. the 
pad material was not influenced by viscous effects or plastic deformation but behaved 
primarily elastically under the loads applied during the measurements. The existence of 
a small hysteresis between indentation and recovery components of the force-distance 
cycles did, however, indicate a degree of viscoelasticity.  
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Figure 3.16: Material stiffness as measured by the AFM. (A, B) Blue 
lines show typical experimental curves for cantilever deflection plotted 
against distance in the z-axis for toe pad epithelium (A) and glass (B). 
Green lines are fits to the best theoretical curves using Eqn. 3. The y-
axes can be converted to force by multiplying by the spring constant of 
the cantilever (0.03 Nm–1 in these experiments). The curve in A 
represents an effective elastic modulus Eeff of 250 kPa. 
 
 
The fits of the force distance cycles allow the determination of the parameter α that is 
related to the tip geometry and the effective Young’s modulus Eeff. The α and Eeff values 
are given in Table 3.2. Although the absolute values of Eeff showed significant variation 
over three orders of magnitude, some variation had to be expected. The cytoskeletal 
thickening of the cell surface is uneven, with considerable variation in thickness from 
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one region to the next (Fig. 3.14). Because of the presence of the cytoskeleton, the pad 
surface is a "fibre reinforced material" where the value of Eeff depends on whether pure 
matrix material or a fibre track is indented. Also, the surface of a pad is not flat, and 
differences due to placement of the tip of the indenter with respect to the nanopillars 
would be expected. However, as we were careful not to make indentations near the 
edges of the epithelial cells, influences from the deep channels between the cells can be 
excluded. We failed to find any significant differences between different animals or 
between different positions on the pad, though results for the latter are sparser than we 
would have expected for reasons discussed above. The basic results were, however, 
consistent with the conclusion that the toe pad epithelium is a soft and elastic material 
with an Effective Elastic Modulus that has a mean value of 14 MPa (median value 5.7 
MPa). By combining Equations 1 and 7, it is possible to calculate δzi for different values 
of Eeff. For a force change of 30 nN, δzi is 195 nm for an Eeff of 1 MPa and 62 nm for an 
Eeff of 10 MPa. Since such a force change increased the diameter of nanopillars by about 
100 nm as described above, the median estimate of Eeff is at least approximately verified 
if one assumes that the volume of the nanopillars remains constant (increase in width is 
36 nm for an Eeff of 10 MPa and 192 nm for an Eeff of 1 MPa if nanopillar retains its 
cylindrical shape). Such calculations can also be applied to the range of values for Eeff 
found here. In our scans, local height changes in the pad surface (excluding channels 
between nanopillars) could exceed 150 nm. The above calculation shows that such 
variation would be produced by Eeff changes of one order of magnitude, and is 
compatible with our data (Table 3.2) if we exclude the two extreme outliers (Frog 1 
distal and Frog 3 middle). Without these values, the mean Eeff is reduced to 9.1 ± 8.7 
MPa, while the median is unchanged. 
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3.2.3 Atomic force microscopy of Nepenthes alata 
It appears unlikely that the trabecular cross-linked structures, the compact layer of wax 
crystals described by SEM images and FIB experiments and shown in figure 3.9 and 
3.10, will be detached under the weight of insects leading to contamination and hence 
inactivation of the adhesive devices as speculated by Knoll (1914) and others (Gorb et 
al. 2005; Juniper & Burras 1962). However, in order to understand the mechanical 
properties and to find out whether or not detachment of warts of the sponge-like wax 
laxer can be responsible for the anti-adhesive properties of the conductive zone solely, 
atomic force microscopy (AFM) was performed. This was done using freshly prepared 
samples from the conductive zone of Nepenthes alata pitcher (see section 2.1.4), 
immersed in a slightly hypotonic salt solution. Using fresh material was necessary 
because the wax layer on dry material was found to be mechanically unstable in 
comparison to fresh material (data not shown). Immersion was found to be necessary 
because otherwise substantial shrinkage of the tissue during the AFM-investigation 
occurred, disturbing the imaging process. Degassing of the immersed plant material was 
found to be absolutely vital as the wax layer is highly hydrophobic resulting in 
formation of a thin air-film on the surface which would disturb the AFM-measurements. 
This film, however, can be mainly removed by short (5 min) degassing in an evacuated 
desiccator. 
Typical AFM-images, obtained in the contact mode, are depicted in figure 3.17. 
Because of the AFM-tip geometry the thin and steep walls of the sponge-like wax layer 
could not be resolved in detail. The tip yields a wall perpendicular to the scanning 
direction appearing under an angle identical to the tip angle α, which is 35° centreline-
to-face in our case. This is depicted in principle in figure 3.18. Taking this fact into 
account, the AFM-images resemble very much the structures observed under the SEM 
showing that an intact wax layer was indeed scanned. The images obtained were not 
altered when scanning force, direction and/or speed were changed. Scanning forces (i.e. 
forces perpendicular to the surface) up to about FN=250 nN did not destroy the wax-
structures (Fig. 3.17). Higher forces were not tested because of technical limitations of 
the apparatus and cantilevers used.  
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Figure  3.17: Atomic force microscopy (AFM) images of the wax surface. The surface 
was observed repetitively at different forces, starting with low scanning forces of 20 nN 
(A and B) and increasing to high forces of 250 nN (C and D). As evident from height (A 
and C) and deflection images (B and D), no change in surface morphology was 
observed. The AFM images resemble exactly the wax structures observed in the SEM 
when taking the tip effects into account (see text). 
 
 
Considering the geometry depicted in figure 3.18, we obtain the total force (Ftot) acting 
between tip and a steep wall (wax crystal) to be Ftot= FN / sin(α), with FN being the 
normal force and α the tip angle. This results in a bending force FH= FN / tan(α) of 
approximately 400 nN to act locally on the wax crystal. Thus, a single crystal, i.e. a 
single wall of the sponge like structure, can withstand at least forces which correspond 
to a weight of 40 µg attached at the outermost edge of the crystal. As this force yields 
 3. Results                                         
  63   
the maximal bending momentum acting on the wax structure we can assume this 
arrangement as the worst case. A single adhesive organ of a typical prey insect has a 
contact area of more than 10,000 µm2. According to the SEM and FIB images (Fig. 3.9 
and 3.10), the density of individual walls (crystals) is about 1 per µm2. Thus, the force 
acting locally on a single crystal caused e.g. by a large ant of 5 mg is of the order of 5 
nN corresponding to 0.5 µg of attached weight per crystal if only one small arolium of a 
heavy ant is in contact (worst case) which is two orders of magnitude lower than the 
force a single crystal can at least withstand.  
 
 
 
Figure 3.18: Schematic drawing of the AFM-tip scanning a 
wall-like structure. For scanning the normal force FN was used 
as a feedback parameter and kept constant. If the tip, having a 
finite tip angle of e.g. α=35° in our case, hits a vertical wall, the 
total force (Ftot) will act normally onto the pyramidal side of the 
tip. This force must be the vectorial addition of the normal 
force and a horizontal force (FH). The latter FH results in a 
bending momentum and shear stress on the wall material (see 
text). 
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3.3 INTERACTION OF ADHESIVE ORGANS AND SURFACES 
 
3.3.1 Slip-off experiments 
In addition to the atomic force microscopy, slip-off experiments on intact pitcher 
surfaces as well as on mechanically detached wax crystals were performed. The results 
of the experiments done with detached crystals clearly showed that loose pieces of wax 
from the pitcher plants adhere on arolia, hairs and claws of tarsi of both insect species, 
Carausius morosus and Lasius niger. Figure 3.19 (D and E) shows huge amounts of 
wax, agglutinated to a certain degree and covering nearly the whole area of the last 
tarsal segments. The hairs of the tarsi were also covered with wax and stuck together 
(Fig. 3.19F). Comparable results were found in L. niger (Fig. 3.20D to F): the hairs of 
all tarsal segments were stuck together by melted wax, the claws and the arolia were 
also covered with wax crystals.  
The second part of this experiment (on an vital wax surface) was performed to proof 
whether breakages of the waxy surface affected the arolia of the insects and 
consequently minimized the adhesion. The SEM images of both insects species after the 
experiments, C. morosus (Fig. 3.19A - C) and L. niger (Fig. 3.20A - C) showed only 
few wax residues on parts of the tarsi like hairs and parts of the arolium. Even in higher 
magnification images a small number of wax crystals and other indicators for wax 
residues from the waxy-surface of the Nepenthes plant were found on the arolium of C. 
morosus (Fig. 3.19B) and L. niger (Fig. 3.20B) or on the hairs and claws of both insect 
spicies (Fig. 3.19C and Fig. 3.20C). 
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Figure  3.19: Tarsi of Carausius morosus after slipping off the waxy surface of 
Nepenthes alata pitchers A – C and after walking on loose pieces of wax D - F; SEM 
images. Only few residuals of wax-crystals from the plant surface were found on the 
tarsus of C. morosus A. In higher magnification few pieces of wax could be detected 
on the arolium B, but not on the hairs C. Residuals from the loose wax crystals 
adhereed to the whole tarsus D, covered the arolium E and let the tarsal hairs stick 
together F. 
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Figure  3.20: Tarsi of Lasius niger after slipping off the waxy surface of Nepenthes 
alata pitcher A – C and after walking on loose pieces of wax D – F; SEM images. 
Slipping from the compact wax layer left only few residuals of the tarsus A, arolium B 
and hairs C. Loose crystals of wax were found in huge amounts on the whole tarsus 
D and especially on the arolium E and the tarsal hairs F. 
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3.3.2 Adhesion and friction measurements   
In order to find out whether or not the structure itself and not the mechanics of breaking 
crystals are responsible for the described effect, we performed measurements of the 
adhesive forces of juvenile stick-insects (Carausius morosus) on different artificial 
surfaces. In order to simulate the structure of the Nepenthes alata wax-crystals, 
polishing paper (sand paper) of defined grain size was used. The corundum crystals are 
platelet-shaped and very thin thus resembling the principal structure of the N. alata 
pitcher wax under investigation. Because of their mechanical robustness breakage of 
these crystals under the weight of a stick-insect can be ruled out. In order to distinguish 
between adhesion due to the adhesive pad (the arolium) and the claws of the insects, 
experiments were done using untreated animals and insects with carefully cut claws. 
The adhesive forces were measured using a centrifugation assay (section 2.4.2). The 
adhesive force was defined as the centrifugal force at which detachment occurred. The 
results, normalised to the weight of the insects in units of the gravitational acceleration 
g, are summarised in figure 3.21A. Neat polycarbonate surfaces (PC) and polishing 
paper of different grain sizes (P4000 – P320) were compared for untreated insects and 
insects with claws removed. It is evident, that for untreated insects the adhesion on the 
flat polycarbonate plates as well as on the rough polishing papers (P2000 to P320) was 
fairly constant. However, the polishing paper P4000 was an exception as insects could 
hardly adhere. They could not withstand a force which corresponds to an acceleration of 
1 x g. Thus they are not able to walk or even stay on a vertical wall. The structure of 
P4000 is depicted in figure 3.21B showing a striking similarity of the grain dimensions 
with N. alata wax crystals. These similarities were strongly supported by comparing the 
surface profile parameters of these two surfaces (Table 3.3). Both resemble thin and 
steep walls spaced by values (RSm) from 1.33 - 1.83 µm in case of the polish paper and 
from 1.15 - 1.53 µm in case of the surface of the conductive zone. The Ra values of the 
sand paper reach from a minimum of 0.241 - 0.448 µm and those of the Nepenthes 
surface from 0.17 - 0.369 µm. Insects with removed claws showed a different 
behaviour. While the adhesive force on the flat polycarbonate was similar to that 
observed for untreated insects, hardly any adhesion could be found on rough surfaces. 
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Similar experiments performed with Lasius niger produced very similar results. The 
ants failed to adhere to the P4000 polishing paper sufficiently to exhibit a frictional 
force significantly larger than 1 x g. On the other artificial surfaces the adhesion force 
was significantly higher (not shown).  
 
 
Table 3.3: Surface profile parameters of the glaucous surface of 
Nepenthes alata and the polishing paper P4000. Comparison of the 
parameters revealed the similarity of the surfaces in terms of average 
roughness (Ra), root mean square roughness (Rq), roughness peak 
count (RPc; given are peaks per millimetre) and the mean spacing of 
profile irregularities (RSm). 
 
 
 
 
 
 
 
 
Surface profile parameter Nepenthes Polishing paper 
Ra (µm) 0.254 ± 0.035 0.337 ± 0.039  
Rq (µm) 0.317 ± 0.045 0.447 ± 0.058  
RPc (pks / mm) 165  (± 0.5 µm) 159  (± 0.5 µm) 
RSm  (µm) 1.3 ± 0.06  1.55 ± 0.09  
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Figure 3.21: The adhesion force of Carausius morosus on different artificial 
surfaces. A Forces were measured by centrifugation of juvenile stick insects on 
either polycarbonate (PC) which is very flat or on different polishing papers with 
increasing grain size from P4000 (finest) to P320 (largest grain size). Untreated 
stick insects (filled bars) were able to adhere to the flat surface as well as to 
rough surfaces but hardly adhered to P4000 where they could not withstand 
forces corresponding to more than 1 g (acceleration >9.81 m/s2). Insects with 
dissected claws (open bars) only adhered to the flat PC surface but not to the 
rough surfaces. B SEM image of the P4000 surface. The surface exhibits steep 
and thin walls of corundum crystals. Size, shape and spacing of these crystals 
are very similar to the wax crystals of Nepenthes alata pitcher walls. 
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3.4 CHEMICAL COMPOSITION OF TARSAL SECRETION 
 
(I) Solid phase micro extraction (SPME) 
Gas chromatographic analyses with SPME fibres yielded mainly long straight-chained 
n-alkanes. Present in the liquid were n-Heptacosane (C27H56), n-Nonacosane (C29H60) 
and n-Hentriacontane (C31H64). These components were steadily found in all six 
analyses. When using the 65 µm PDMS fibre, we found indications for the presence of 
3-methyl-nonacosane, branched mono- and di-methyl alkanes and long chained, 
unsaturated fatty acids. Definite identification of those substances with more than 90 % 
correlation to the database was not possible. Polar components or volatile fractions of 
the liquid, whose existance was supposed by former studies, could not be detected. 
Comparing the two SPME fibres used for analysis (65 µm PDMS/ DCB and 100 µm 
PDMS) no strong differences within the results could be observed (data not shown). 
 
(II) Direct inlet liner analysis (DILA) 
Analysis of insects’ footprints directly from the inlet liner of the GC let to 
inhomogeneous results. A comparison of all recordings revealed that only few 
component, in particular n-hexadecanoic acid (C16H32O2) and nonanal (C9H18O), were 
found steadily in all samples. Tetradecanoic-acid (C14H28O2) and hexadecane (C16H34) 
were found in four, decananal (C10H20O) and squalene (C30H50) were present in three of 
the eight samples. Furthermore, we clearly identified several components which were 
only present in less than three samples: dodecene (C10H20), octadecene (C18H36) and few 
straight-chained alkanes as tetradecane (C14H30), pentadecane (C15H32), eicosane 
(C20H42), docosane (C22H46), tetracosane (C24H50), pentacosane (C25H52) and 
pentatricontane (C35H72). Additionally the insect pheromone germacrene B (1,5-
dimethyl-8-(1-methylethylidene)-1,5-cyclodecadiene) was identified in one sample. As 
an example, the GC chromatogram of the analyses of one footprint sample including the 
identified substances is given in figure 3.22. 
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Figure  3.22: Gas chromatogram of a footprint sample. Characterised components of 
the secreted liquid are numbered. (1) nonanal; (2) decanal; (3) hexadecane; (4) 
pentadecane; (5) teradecanoic acid; (6) hexadecanoic acid; (7) squalene. 
 
 
 
(III) Fourier-transform-interference-spectroscopy (FT-IR) 
The analyses of footprints using FT-IR clearly revealed the existence of water within 
the tarsal secretion. The comparison between the measurement of secreted liquid (Fig. 
3.23, lower line) with the blank value (upper line in Fig. 3.23) showed a clear 
absorption was visible nearly over the whole spectrum caused by the fluid film. The 
clearly visible IR absorption peak within the spectra at a frequency value of about 3500 
(cm-1) is characteristic for bonds of a functional OH- group, strongly indicating the 
presents of water. Additionally we found an absorption peak at about 3100 cm-1 which 
is characteristic for groups with C-H bonds and a peak at about 1700 - 1500 cm-1 which 
correlates with C=O bonds of the sample. 
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Figure  3.23: Fourier-transform-interference-spectroscopy spectra of the tarsal secretion of Carausius morosus (lower line) and the blank 
value (upper line). The spectrum shows the percentage decrease of the absorption at wavelength between 4000 and 400 cm-1. 
% 
cm-1 
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4. DISCUSSION 
 
 
4.1 MORPHOLOGY AND ULTRASTRUCTURE 
4.1.1 The adhesive organ of Carausius morosus 
The arolium of stick insects (Carausius morosus) represents an adhesive pad structure 
of the "smooth" type. Even though its adhesive cuticle looks smooth macroscopically, it 
is characterised by a regular pattern of surface corrugations. Similar surface 
morphologies have been reported from smooth adhesive pads in a number of insect taxa 
(Beutel & Gorb 2001). In contrast to other insects with hexagonal or transverse surface 
patterns, the structure in C. morosus mainly consists of longitudinal ridges. The 
diversity of surface microstructures among smooth adhesive pads of insects suggests 
that it is mainly their presence rather than their detailed geometry that is functionally 
important. We think that the main function of the surface ridges and grooves is to allow 
rapid spreading and drainage of liquid secretion in order to facilitate contact formation 
(Federle et al. 2006; Persson 2007). While fluid films help to increase adhesion and 
maximise contact area on rough substrates, they will also lubricate the pad contact zone 
and reduce friction (Drechsler & Federle 2006). When pads make contact to a substrate 
during locomotion, excessive fluid in the contact zone will be drained much faster 
through the surface channels than it could be distributed if unstructured surfaces were 
squeezed together. A second possible advantage of narrow surface channels may be that 
they help to recover fluid during pad detachment via surface tension forces. 
Our findings on the structure of the arolium in Carausius morosus are consistent with 
information available on the arolium of locusts (Kendall 1970), grasshoppers (Slifer 
1950) and cockroaches (Arnold 1974; Roth & Willis 1952). As in these species, the 
arolium cuticle of C. morosus is characterized by a loose fibrous structure of 
perpendicular rods that branch into finer fibrils towards the surface. These rods are 
probably stiff structures embedded in a soft matrix. It has been shown by shock-freezing 
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experiments in euplantulae of bush crickets that the fibrillar structure of smooth 
adhesive pads plays an important role in their ability to conform to rough surfaces 
(Gorb et al. 2000).  
Our study provides some additional morphological details. First, the CLSM images 
(Fig. 3.4) show that the principal fibres are arranged very regularly in longitudinal rows 
running from the proximal to the distal end of the adhesive contact zone. These rows 
have a similar spacing as the ridges detected in the AFM height profiles (Fig. 3.11), 
suggesting that the longitudinal ridges we detected on the surface are determined by the 
arrangement of the principal rods. Second, the TEM cross-sections (Fig. 3.3) show that 
the fibrous procuticle is covered by an amorphous epicuticle of ca. 250 nm thickness, 
traversed by thin pore canals. These pore canals may be the route through which 
adhesive secretion is transported to the surface. Even though we were unable to see 
these pores in the loose fibrous procuticle (Fig. 3.3), it is likely that they run from the 
epidermis to the surface of the epicuticle, as in other types of cuticle (Gorb 2001; Locke 
1961). A similar arrangement consisting of a 300 nm deep epicuticle perforated by ~10 
nm wide pore canals has been reported from the adhesive organs in aphids (Lees & 
Hardie 1988) and may represent a general feature of smooth adhesive pads in insects. 
However, the occurrence of pore canals among smooth adhesive pads of insects as well 
as their ultrastructure is still not sufficiently clear. 
The surface height profile recorded by AFM surprisingly depended on the scanning 
direction of the AFM tip (Fig. 3.11). It has been hypothesized that, because of the 
sloped orientation of the principal rods, the pad material is optimised for maximum 
friction in one direction (Gorb & Scherge 2000). However, friction experiments on the 
arolium of C. morosus did not reveal any direction dependence of the shear stress (force 
per contact area), indicating that the apparent anisotropy of friction is only based on an 
increase of contact area when the foot is pulled toward the body (Drechsler & Federle 
2005). Even though the friction of whole pads cannot be compared directly with our 
AFM data, the direction-independence of shear stress seems to be consistent with the 
absence of a difference between proximal and distal AFM scans in this study (Fig. 
3.11). On the other hand, we did observe a significant difference between longitudinal 
and transverse scans (in either direction). The height of the longitudinal ridges was 
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smaller when the pad was scanned longitudinally. The underlying mechanisms and 
functional implications of this effect are still unclear. It seems that the pad material is 
effectively stiffer when it is deformed by a transverse movement and softer during 
proximal-distal movements. This could have a function for the control of attachment 
and detachment during locomotion. For example, if transverse movements resulted in a 
reduced real contact area, they could be used to achieve an easier detachment. Further 
studies are required to test this possibility. 
 
 
4.1.2 The adhesive organ of Litoria caerulea 
The adhesive toe tips of the tree frog Litoria caerulea also belong to the group of 
“smooth pads”. Unlike the arolium of the stick insect the toe pads show no longitudinal 
ridges on the surface but a characteristic hexagonal pattern of epidermal cells and 
nanopillars (Fig. 3.5). In functional terms, having the cells separated at their tops 
reduces the bending modulus of the pad epithelium, which allows the pads to conform 
to the shape of large-scale irregularities (greater in area than the flat surfaces of 
individual epithelial cells) on the surface to which the frog is adhering (Barnes 1999; 
Barnes et al. 2002; Persson 2007). The mucous glands are essential to produce the 
watery secretion that forms an essential part of the adhesive mechanism of the pad, 
while the hexagonal array of channels that surround each epithelial cell presumably 
functions to spread mucus evenly over the pad surface and, under wet conditions, 
remove surplus water and secretion (Barnes et al. 2002; Persson 2007). Finally, the 
presence of grooves aids adhesion by reduction of crack propagation (peeling) (Persson 
2007). Pull-off stress is spread between a larger number of hexagons rather than being 
concentrated at the edge of the contact zone. Such features have been incorporated into 
bio-inspired artificially patterned surfaces to increase their adhesion (see review by 
Barnes (2007b)). 
A common misconception is that the subdivision of the surface by the channels between 
the cells increases adhesion according to the principle of contact splitting. This theory 
states that adhesive force is proportional to the length of the contact; therefore, by 
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splitting up the contact zone into many small areas of contact, the total adhesive force 
can be increased in direct proportion to the density of these small areas (Arzt et al. 
2003). This principle clearly applies to wet adhesion (De Souza et al. 2008). However, 
as the major force component of wet adhesion is capillarity, it is necessary that an air-
water interface (meniscus) should surround each small area of contact. This is true of 
the hairy pads of insects (Federle 2006), but not to tree frogs, where the meniscus 
surrounds the whole toe pad, not the individual epithelial cells (Federle et al. 2006). 
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4.2 MECHANICAL PROPERTIES 
 
4.2.1 The adhesive organ of Carausius morosus 
The elastic modulus of the adhesive pad cuticle we found for C. morosus is within the 
range of previous measurements of the softness of smooth adhesive organs in insects 
(Gorb et al. 2000; Perez Goodwyn et al. 2006). Smooth adhesive pads possess perhaps 
the softest type of cuticle known among arthropods. The Young's modulus of this type 
of cuticle is comparable to that of sea anemone mesoglea (10 kPa) (Vogel 2003). Being 
soft is essential for adhesive structures, because they must be deformable to conform to 
rough surface profiles. According to a criterion coined by Dahlquist (1969), materials 
are considered as tacky when their elastic modulus (E) is lower than about 105 Pa. 
An important result of our study is the demonstration that the arolium cuticle consists of 
layers of different material properties. The AFM force-distance curves show that the 
arolium cuticle has a softer outer layer of approximately 200 nm thickness (Fig. 3.16). 
The TEM cross-sections strongly suggest that this layer is the epicuticle. In the TEM 
images the epicuticle has about the same thickness and similar variation (cf. Fig. 3.3 and 
Fig. 3.13). The distinctly softer nature of the outermost epicuticle layer could not be 
detected in previous studies because of the limited spatial resolution of the indentation 
techniques used. Pad elastic moduli were either estimated from load-displacement 
curves of entire euplantulae (Gorb et al. 2000; Jiao et al. 2000) or from measurements 
using spherical indenters with diameters and indentation depths >30 µm (Perez 
Goodwyn et al. 2006). As a consequence, these methods integrated larger volumes of 
pad material so that the specific properties of the outermost epicuticle and the procuticle 
could not be differentiated. It is therefore still unclear whether soft outer layers are a 
general property of smooth adhesive pads of insects or only occur in C. morosus. 
What are the benefits of having a soft and thin outer layer for an adhesive structure? 
Creton and Leibler (Creton & Leibler 1996) showed that the Dahlquist criterion holds 
for rough surfaces and yields a critical elastic modulus E when complete contact 
between the two surfaces is achieved (even in the absence of an external load). The 
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elastic energy Uel necessary to deform a material so that it fills out a substrate cavity of 
height h and width λ is given by Persson and Tosatti (2001) Uel ≈ Eλh2. If this elastic 
energy is smaller than the gain in adhesion energy Uad ≈ -∆γλ2, where ∆γ is the change 
of surface free energy (per unit area) when the material makes contact, then the material 
will deform spontaneously to fill out the substrate cavities. The condition Uel = -Uad 
gives: 
 
2h
E λγ ⋅∆=
          (10) 
 
Thus, a hard material will be able to fill the cavities if λ >> h (i.e., a "smooth" surface), 
whereas a softer material is required if λ ≈ h (i.e., a "rough" surface). Many real surfaces 
are macroscopically smooth (i.e., λ1 >> h1) but rough on a microscopic length scale (i.e., 
λ2 ≈ h2) (Persson 2002). As a consequence, a hard material is sufficient to conform to 
the macroscopic surface profile, but only a soft material will be able to follow the small 
scale topography. The amplitude of material deformation caused by small-scale surface 
topography is of the order λ2 ≈ h2. Thus, even a thin layer of soft material of about this 
thickness on top of a harder material will be sufficient to achieve complete contact. The 
macroscopic waviness will be mainly compensated by the underlying harder material.  
An analogous, more general argument can be made based on the theoretical analysis of 
surface roughness and adhesion by Persson and Tosatti (2001), which considers the 
"self-affine" fractal nature of many real surfaces. Natural surfaces have roughness on a 
wide range of length scales. The statistical properties of self-affine fractal surfaces do 
not change for the transformation 
 
( ) ( ) Hzzyxyx ξξξ →→ ,,
      (11) 
 
where ξ is a factor representing the "magnification" and (x,y) is a two-dimensional 
position vector in the surface plane, 0 < H < 1 and Df = 3-H is the fractal dimension. 
This implies that if h0 is the amplitude of the surface roughness on the (larger) length 
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scale λ0, then the amplitude h of the surface roughness on the smaller length scale λ will 
be  
 
( )Hhh 00 λλ≈
        (12) 
 
The condition for adhesion-induced complete contact on the length scale λ (equation 10) 
combined with equation 12 gives: 
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As λ0/λ > 1, E will rise for decreasing length scales λ if H > ½. This means that if the 
material is soft enough to make contact at the larger length scale λ0, it will also adhere at 
all smaller length scales (Persson & Tosatti 2001). However, if H < ½, E will decrease 
for smaller length scales λ. This means that, for a piece of homogeneous material, no 
significant adhesion will be achieved because the material cannot deform sufficiently at 
small length scales (Persson & Tosatti 2001). If a material of elastic modulus E0 is able 
to deform on the larger length scale λ0, however, a softer material with a modulus E < 
E0 may still be able to adhere on a smaller length scale. For even smaller scales, an even 
softer material will be required etc. As the thickness of the deformation field caused by 
the surface topography of length scale λ is of the order λ, it is possible to achieve 
complete contact using a "hard" material (with modulus E0) covered by layers which 
become progressively softer and thinner towards the contact surface. Adhesives of this 
kind would be able to make complete contact even to "anti-adhesive" surfaces where H 
< ½, corresponding to fractal dimensions of Df > 2.5.  
An alternative strategy for achieving adhesion to such anti-adhesive surfaces would be 
the use of a homogenous, very soft adhesive structure. However, this would have the 
disadvantage that (because of its thickness and its low modulus) the pad cuticle would 
undergo very large strains during detachment and would be more susceptible to wear. 
An adhesive structure which gets progressively softer towards the surface is more stable 
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and will therefore be less strained during detachment and will be less susceptible to 
wear.  
We propose that the observed pad design in C. morosus is an adaptation to achieve 
adhesion to surfaces where Df > 2.5. Our findings show that the cuticle consists of a 
stiffer inner and a thin and very soft outer layer. In addition, adhesion on very small 
length scales may not only be achieved by virtue of the very soft epicuticle but also by 
the fluid that is secreted into the contact zone of the pad. In fact, it has been 
demonstrated recently for C. morosus that the pad secretion enhances adhesion only to 
rough substrates but not to smooth surfaces (Drechsler & Federle 2006). 
 
 
4.2.2 The adhesive organ of Litoria caerulea 
The AFM results fro the measurements on the adhesive organ of Litoria caerulea 
provide further insights into the detailed characteristics of the nanoscale topography of 
the toe pad epithelial cells (Fig. 3.15) as well as demonstrating that their surface is soft 
(Effective elastic modulus of 14.4 ± 20.9 MPa, equivalent to silicon rubber; Fig. 3.16). 
The functions of the nanopillars (Fig. 3.6) that constitute the so-called ‘flat’ surface of 
these cells remain a matter for speculation. The following is a list of obvious 
possibilities, none of which are mutually exclusive. (1) Like the epithelial cells and the 
channels that surround them, the nanopillar array may allow close conformation to 
surface irregularities, but on a much smaller length scale (nanometres rather than 
micrometres) than applies to whole epithelial cells; such close conformation is 
promoted both by the presence of the grooves surrounding each nanopillar, and by the 
softness (low Eeff) of the surface material. Additionally, the nanopillars make the pad 
softer (than the pure material) due to their bending. (2) The narrow channels between 
them could serve to absorb excess of water, much as sipes (fine-scale grooves) do on a 
wet-weather car tyre (c.f. Person (2007)). This would allow rapid optimisation of the 
thickness of the intervening fluid layer (as thin as possible, but without any air pockets). 
(3) The nanopillars could be very important in the generation of friction forces, in so far 
that their tips will be in actual contact with the surface. This would explain the presence 
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of static friction and other phenomena that are observed when recording friction forces 
from single toe pads (Federle et al. 2006). Interestingly, interference reflection 
microscopy of tree frog toe pads during tilting experiments show friction-induced 
reductions in the thickness of the fluid layer, the toe pads coming into closer contact 
with the substrate as the angle of tilt changes from 0° to 90°. As a result, more and more 
nanopillar tips come into contact with the glass cover slip (Smith et al., in preparation). 
Increased friction thus appears to be directly linked to increases in nanopillar-substrate 
contact. (4) It cannot be excluded that the dimples give rise to a suction effect, but the 
existence of channels in the dimple wall make this unlikely. Indeed, it is more likely 
that the channels allow the escape of fluid from the dimples when the pad is pressed 
against a smooth surface, thus minimising fluid layer thickness and increasing close 
contact of nanopillars with the surface. 
 
Significance of low Effective Elastic Modulus (Eeff) 
In an earlier study, Barnes and co-workers (2005), examined the physical properties of 
the toe pads of L. caerulea using a spherical indenter, with indentation depths in the 
range 50 - 350 µm. They came up with values for Eeff of between 4 kPa and 20 kPa, 
much lower values than most of those obtained here. Eeff is thus inversely dependent on 
the indentation depth. This is reflected by the TEM and freeze-fracture images (Figs. 
3.5, 3.6, 3.7), which indicate cytoskeletal strengthening of the plasmalemma. Having a 
higher concentration of cytoskeleton elements near the surface of the pad also seems to 
be one of the facts that influence the high variation of Eeff. Both variations in the 
thickness of the elements and especially their sponge-like arrangement result in 
significant changes in stiffness for different indentation positions. Overall, this 
construction leads to a thin but slightly harder ‘skin’, with a Young’s Modulus 
equivalent to silicon rubber, covering a soft gel like structure, the cytosol of the 
epithelial cells, where there are relatively few cytoskeletal elements. This might provide 
an abrasion-resistant surface layer that, due to the soft tissue and fluids lying beneath 
would have enough flexibility to cope with surface roughness as discussed above. Such 
a ‘design’ contrasts with smooth adhesive pads in stick insects, which have evolved an 
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extremely soft outer layer (the epicuticle) overlying a much stiffer procuticle, as shown 
in sections 3.1.1 and 3.2.1. 
 
Biomimetic relevance 
Since adhesive tapes inspired by the dry adhesive mechanisms of gecko toe pad setae 
are now reaching a stage where commercialisation is imminent (Lee et al. 2007; Lee et 
al. 2008; Schubert et al. 2008), it is appropriate to consider whether the rather different 
wet adhesion mechanism of tree frogs might also have biomimetic relevance.  An 
obvious possibility is in the development of improved wet weather tyres (Barnes 1999; 
Barnes et al. 2002; Persson 2007). Tree frogs toe pads have an Effective Elastic 
Modulus akin to rubber that surrounds a much softer material. They also have three 
systems of grooves at different length scales. The similarities to wet weather tyres are 
uncanny, but their performance (easy detachment combined with high coefficient of 
friction) are way more impressive. But whether tree frog adhesive mechanisms can 
operate effectively when scaled up by two orders of magnitude remains to be tested. 
Biomedical applications of these findings are also under consideration. 
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4.3 THE CONDUCTIVE SURFACE OF NEPENTHES ALATA 
 
4.3.1 General 
The experiments presented were designed to clarify the 3D-structure and investigate the 
mechanical properties of the epicuticular wax layer of the inner pitcher wall of the 
conductive zone of Nepenthes alata. We found the wax structures to be sponge-like 
(porous) with an outer pore size of about 1.3 - 1.5 µm and to be mechanically very 
stable. Stick insects and ants were found to adhere well on artificial surfaces with either 
lower roughness like polycarbonate or with higher roughness like polishing paper 
P2000 or lower (Fig. 3.21, data shown for C. morosus). However, polishing paper with 
grain size P4000, which closely resembles the structure of N. alata wax crystals of the 
conductive zone hardly provides adhesion to stick insects. When the claws of the stick 
insects were removed prior to the adhesion-force measurements, the animals could 
adhere well on smother surfaces like PC, but failed to adhere to surfaces with higher 
roughness. The results suggest that the insect arolium is responsible for adhesion on flat 
surfaces whereas the claws perform well on rough surfaces. It is tempting to assume that 
the surface of N. alata exhibits a mechanically stable surface with a defined roughness 
which is too high for the arolium and too low for the claws to be effective (Fig. 4.1).   
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Figure 4.1: Model of the Nepenthes alata pitcher wall surface and interactions with the 
arolium and/or a claw of an insect. A The surface is modelled for mathematical 
simplicity as a flat surface with walls of negligible thickness and height h which are 
spaced at a distance λ. For adhesion either a claw with tip radius r has to interact with 
the walls or the arolium has to deflect to form a frustum of a pyramid in order to have 
contact with the flat surface. The contact area is assumed to be the square of side 
length ε. B Plotting of the ratio of adhesive and repulsive energy due to arolium and 
claw according to the model described in the text reveals that the arolium adheres only 
to flat surfaces with a pore size (i.e. wall spacing) below about 0.5 µm where the ratio 
of adhesive and repulsive energy is above 1. In contrast, the claw allows adhesion only 
if the pore size is above about 2 µm. Thus, a small range of λ exists where neither the 
arolium nor the claw can achieve significant adhesion. The pore size λ of N. alata 
pitcher wall wax layers as well as of the model surface P4000 exhibit a pore size of 
approximately 1 - 1.5 µm which is exactly in the non-adhesive range. 
 
 
4.3.2 Influence of surface roughness on adhesion 
For a formal approach we calculated the adhesion of a soft flat arolium and of a hard 
claw on a model surface shown in figure 4.1A. For mathematical simplicity we assumed 
the surface to be a flat with walls of height h and negligible thickness. These walls are 
spaced at a distance λ, the pore size. For adhesion either a claw with tip radius r has to 
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interact with the walls or the arolium has to deflect to form a frustum of a pyramid in 
order to have contact with the flat surface. The contact area is assumed to be the square 
of side length ε. First we consider the adhesion due to the arolium. For this we modified 
the approach first described by Persson and Torsatti (2001) for our geometry. In our 
case the adhesive energy is 
 
2εγ ⋅∆−=AU        (14) 
 
with ∆γ comprising the free energy per surface area obtained when the flat surface 
interacts with the arolium. In order to allow adhesion, the absolute value of this energy 
has to be larger than the energy needed to form the contact i.e. the repulsive energy. In 
our case this energy is the deformation energy UD of the arolium i.e. the energy 
necessary to mould the frustum out of the flat arolium. If UA+UD<0, adhesion occurs. 
Assuming the material of the arolium to be homogeneous and isomorphic, we can use 
the theory for deformation of Oliver and Pharr (2004). For our geometry, the force 
necessary to deform the flat surface in the described manner to form a frustum of height 
z is 
 
∫ 





⋅
−
+⋅⋅
⋅
=
z
effD dh
EF
0
)(2 ςςελε
pi
β
     (15) 
 
with β describing a material factor which is typically assumed to be 1 and Eeff standing 
for the effective elastic modulus of the arolium which is defined as  
 
21 ν−
=
EEeff          (16) 
 
with E being the Young’s modulus and ν equalling the Poisson’s ratio. To obtain the 
deformation energy out of equation 15, we have to integrate the force over the 
deformation z which results to 
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For simplicity, we consider the negative ratio of the adhesive energy and the 
deformation energy. Adhesion occurs if –UA/UD>1. The ratio of the adhesive energy UA 
and the deformation energy UD follows to be  
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The optimum for ε on the interval between 0 and λ can be obtained to be ε=λ. Setting 
the wall height h=A×λ with A being the constant ratio of pore size and wall height, 
equation 18 can be simplified to 
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Thus the adhesiveness of the arolium on a surface scales with 1/λ, i.e. the higher the 
roughness, the lower the adhesion. The contact energy per unit surface area ∆γ was 
estimated by Persson and Torsatti (2001) to be in the order of 40 mJ/m2. The effective 
Young’s modulus of the arolium of Carausius morosus was recently determined in this 
study to be in the order of 105 N/m2 (section 3.2.1). Probably the Young's modulus of 
the arolium cuticle might change with different larval states or over a period of time 
from lower to higher values, as it is true for sclerotization of insect culticle. Considering 
this, the arolium of the juvenile stick insects might have lower values that the 105 
N/m2, therefore be more flexible and provide a better adhesion than adult insects. 
Hence, our following calculation presents a kind of “worst case scenario”. 
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Assuming ß and A to equal 1, we obtained the dependency of the ratio of adhesive and 
repulsive energy due to the arolium according to equation 19 as depicted in figure 4.1B. 
In order to have any adhesion, this ratio has to be larger than 1. The higher this ratio, the 
larger is the additional force that can be transmitted by the adhesive contact.  
The force which can be transmitted by the claws is dependent on the contact angle 
between the claw and the claw tip (Dai et al. 2002). This angle depends on the tip radius 
r of the claw tip and the pore size λ of the surface structures. The tip radius was found 
in our SEM studies of C. morosus to be about 3 µm (data not shown). If the pore size is 
larger than the diameter of the tip, the force, i.e. the adhesive energy, stays relatively 
constant. If 2r<λ, the contact angle follows to be arctan (λ/r). The ratio of the adhesive 
energy to the repulsive energy for the claw is given by the ratio of the contact angle and 
the friction angle, which dependents on the materials in contact and which equals the 
arctan of the friction coefficient µ . Assuming a high friction angle of 30°, according to 
Dai and co-workers (2002), we obtain the ratio of adhesive and repulsive energy for the 
claw as depicted in figure 4.1B. Clearly values above 1 require a pore size λ to be larger 
than about 2 µm. This behaviour is in line with recent observations (Dai et al. 2002).  
 
Our model calculation based on experimentally obtained parameters and some 
conservative assumptions clearly shows, that a small range of the pore size (respectively 
the spacing between profile peaks in case of the sandpaper) λ exists, where neither the 
arolium nor the claws can adhere sufficiently to the surface. This range is between 0.5 
and 2 µm, a result matching with the pore sizes found for Nepenthes alata and the 
artificial surface P4000 having a pore size of approximately 1 - 1.5 µm.   
 
The findings of this study provide strong evidence that the solid structure of the wax 
layer of the conductive zone of Nepenthes alata together with the high hydrophobicity, 
which prevents wet adhesion, can explain the anti-adhesive properties of the conductive 
zone with respect to insect adhesive organs. Thus detachment of single wax crystals and 
contamination of the adhesive organs of insects is not necessarily the explanation for the 
phenomena observed. Furthermore, the often suggested detachment, which appears to 
play a major role for other plants (e.g. Catopsis berteroniana or Brocchinia reducta; 
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(Gaume et al. 2004); Macaranga sp. own, unpublished observations) appears unlikely 
for N. alata because of the mechanical properties of the wax layer measured 
experimentally. Indirect hints for the stability of Nepenthes wax crystals were already 
found by Gaume and co-workers (2004). In their work they found contamination of the 
hairy adhesive organs of Calliphora vomitoria after running for 10 min on intact plant 
surfaces of Catopsis berteroniana and Brocchinia reducta, but only few residuals after 
running on Nepenthes alata. Massive contamination due to walking on Nepenthes 
ventrata surface could only be documented after 180 min, indicating the Nepenthes wax 
layer to be much more stabile. In a recent work, Gorb and co-workers (2005) found 
contamination of the hairy adhesive organs of Adalia bipunctata after 1 min of walking 
on N. alata surface which appears to be in contrast to the recent findings of Gaume 
(2004) and the present study. However, we found that on drying or dried plant material, 
as used in the study of Gorb and co-workers (2005), the wax layer loses its mechanical 
stability giving rise to detachment of platelet-shaped wax pieces (data not shown). It can 
be assumed that the drying of the plant tissue leads to shrinking and hence to the 
reduction of its surface area. This will put the superimposed, incompressible wax layer 
under pressure such that only low additional energy is necessary to break off parts of the 
waxy structures. This may explain why studies performed with dried or drying plant 
material resulted in obviously erroneous conclusions. Furthermore, contamination of 
adhesive organs after minutes of walking on plant surfaces does not explain the 
immediate effect on insects trying to walk on the conductive zone of the pitcher which 
results in an instantaneous slipping of the animal into the pitcher cup. 
We chose Lasius niger and Carausius morosus as experimental animals for slip-off 
experiments. We used ants as they are the most frequently prey captured by Nepenthes 
plants, but they are not easy to handle in experiments. Furthermore only few is known 
about the micromechanics of their adhesive organs. With C. morosus we used an insect 
which might not be a frequently prey, but has several advantages: first, the structure and 
the mechanical properties (elasticity module) of the adhesive organ are well 
documented. Second, the insect has a much higher weight than the ants and gives higher 
impact onto the wax layer of Nepenthes. Third, stick insects are easy to handle. The 
slip-off experiments were performed in close-to-natural condition. Therefore the 
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mechanical load of the insects on the wax layer of the conductive zone was minimized, 
while in former experiments, for example by Gaume (2002) and Gorb (2005), insects 
were enabled to climb up the surface for up to 180 minutes. Furthermore there are 
indications that the wax layer of freshly opened pitchers have a lower mechanical 
stability (data not shown) and also dried wax-surfaces may be brittle, as explained 
above. Thus, only such pitchers opened for more than 12 hours up to several days and 
not dried at any part were used for our experiments. 
Under these close–to-nature conditions of our experiments the insects show only few 
wax-crystals or residues on the tarsi (Figs. 3.19, 3.20), but nevertheless failed to adhere 
to the wax-surface and slip off. Comparing images of C. morosus with those of L. niger 
after slipping shows a little higher contamination on the stick insect tarsi. This might be 
explained by the higher weight of the specimens (up to 543 mg) resulting in a higher 
mechanical load on the wax surface. Based on measurements of the contact area of adult 
specimens of C. morosus (Drechsler & Federle 2006) and ants of the genus Oecophylla 
smaragdina (Endlein & Federle 2008), the load of a juvenile stick insect is about 20 to 
30 times higher (about 9 to 12 mN/mm2 in comparison to about 0.42 mN/mm2 load for 
L. niger). Our findings strongly support the theory of a stable sponge-like wax-surface 
that minimizes adhesion by its surface parameters even if bigger insects try to adhere.  
In conclusion we can not exclude, that to a certain degree breaking of highly exposed 
single wax crystals may occur as the residuals on the tarsi indicates. Presumably this 
would increase the anti-adhesive effect of the surface of N. alata. Furthermore it might 
be, that different species of pitcher plants or even N. alata under different circumstances 
or environmental conditions utilise the breaking of crystals for catching prey. However, 
the results presented in this study clearly indicate that the structural properties of the 
mechanically very stabile epicuticular wax layer of the conductive zone alone are 
sufficient to prevent insect’s adhesion on the conductive zone of Nepenthes alata. 
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4.4 CHEMICAL COMPOSITION OF TARSAL SECRETION 
 
Combining the three different methods of analysing the tarsal secretion of Carausius 
morosus, solid phase micro extraction (SPME), the direct analysis of the foot prints 
within the inlet liner (DILA) and the Fourier-transform-interference-spectroscopy (FT-
IR), gave a broad overview on the chemical composition of the liquid.  
The results archived by using SPME fibres are widely comparable to former studies on 
the chemical characteristics of insect tarsal secretion: straight long chained alkanes were 
also found in the secretion of Locusta migratoria (Vötsch et al. 2002), Hemisphaerota 
cyanea (Attygalle et al. 2000) and three different members of the coccinellidae family 
(Kosaki & Yamaoka 1996). The straight alkanes in these studies have a length ranging 
from about 21 up to 33 carbon atoms, which is similar to the findings of our SPME 
analysis. The presence of long chained alkanes was supported by some of the DILA-
results. The reason why the alkanes were not present in all of the DILA-measurements 
could possibly be explained by appearance of brown-coloured residuals found in the 
inlet liner after some of these experiments: the fast heating of the secretion might have 
caused a burn-in of the long-chained alkanes.  
The SPME-analysis did not reveal any volatile and hydrophilic components as it is 
found in the tarsal secretion of Oecophylla smaragdina, Periplaneta americana and also 
for C. morosus by Federle and co-workers (2002). This volatile component is described 
as droplets within the homogenous film of a hydrophobic liquid. It is possible that the 
amount of these droplets was too small to be analysed by GC/MS, although a special 
SPME fibre for volatile components was used in the experiments. 
The existence of droplets within the liquid film is also described by Vötsch and co-
worker (2002) in the secretion of Locusta migratoria and by Betz (2003) for Stenus 
comma. Betz additionally characterises the droplets to be lipid-like with diameters of 
about 0.5 - 1.5 µm embedded in a hydrophilic matrix, which is in contrast to the study 
of Federle and co-workers (2002) who found hydrophilic droplets of up to 10 µm 
embedded in a hydrophobic liquid. Our study strongly supports the theory of lipid-like 
nanodropletts embedded in a hydrophobic matrix as suggested by Betz (2003). The FT-
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IT analyses clearly provided evidence for a significant amount of water within the tarsal 
secretion indicated by O-H bonds. Additionally the presence of functional groups with 
C-H and C=O bonds indicates the presents of hydrophobic alkanes and substances with 
a long-chained hydrophobic part and a polar head. Components such as the 
hexadecanoic acid in the secretion found in GC/MS experiments match the 
characteristic of a long-chained non-polar part with a polar functional group at the end. 
The substance is able to form micelles in this watery liquid, which would appear as 
small droplets under light microscopy. The size of the micelles could be influenced by 
further components of the secretion. The non-polar part of the hexadecanoic acid is 
capable to accumulate on other non-polar components as for example the long-chained 
alkanes and could form micelles of greater size within the liquid. The ratio of water, 
hydrophobic alkanes and micelles building carboxylic acid might also influence the 
physical properties of the tarsal secretion, which is described as a non-Newtonian 
tixotropic liquid by Drechsler and Federle (2006). 
The existence of water in the tarsal secretion is somehow surprising, as insects, 
especially in arid habitats, have to save water. For Oecophylla smaragdina it is shown, 
that the insect often use its claws or only small parts of the arolium when walking on 
rough and horizontal surfaces (Federle et al. 2001). This mechanism seems to prevent 
from mechanical abrasion of the arolium and might also be interpreted as a water-saving 
mechanism. A similar mechanism can be observed for C. morosus that seems to avoid 
the secretion of tarsal liquid on rough surfaces (own unpublished observation).  
 
The underlying mechanism of the release of tarsal liquids is still unclear. It seems that 
not only the amount of liquid but also its composition changes under different 
conditions. For example Federle and co-workers (2002) found no volatile component on 
hydrophobic surfaces in footprints of O. smaragdina and C. morosus, but it was present 
on a hydrophilic glass surface. The aim of further studies should therefore be the 
characterisation of possible receptors that regulates the time of the release of the liquid, 
the organisation of glands producing secretion, the pathways the liquid is transported to 
the surface and the regulation of the liquid composition. 
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5. SUMMARY  
 
Animals have evolved different adhesive structures on their legs to adhere on to a wide 
variety of substrates during locomotion. But, as a kind of counterdraft, some plant 
surfaces have evolved structures that hamper the attachment of animals. Knowledge of 
morphology, ultra-structure, surface structure and physical properties such as stiffness 
and elasticity are essential for understanding both of these two systems. The aim of this 
study was to characterize the surface structures and properties of adhesive organs and of 
slippery plant surfaces. 
 
In the first part of this study the morphology and ultra-structural setup of two different 
adhesive organs and of an anti-adhesive surface were characterised by using electron 
microscopy (TEM and SEM), focused ion beam (FIB) and confocal laser scanning 
microscopy (CLSM). Both animals under inverstigation, the Indian stick insect 
Carausius morosus and the Australian tree frog Litoria caerulea, possess adhesive 
organs classified as “smooth pads”. The adhesive organ of the stick insects, the so 
called arolium, revealed to consist of a layered setup. Underneath the surface with its 
fine longitudinal ridges the pads showed a construction of several layers. A thin 
epicuticular layer was situated on a loose fibrous structure consisting of stiff fibres 
embedded in a soft matrix. These fibres originated from thick principal rods within the 
endocuticle. They were oriented perpendicular to the surface within the thick procuticle 
and branch into finer fibres near the surface. The adhesive organ of the tree frog is a 
macroscopically smooth surface, which at higher magnification revealed to consist of 
flat-topped epithelial cells that form a hexagonal pattern. The hexagons are also 
structured by a tightly packed array of so called nanopillars. The nanopillars were found 
to be approximately as tall as wide and exhibit a characteristic dimple on the top. The 
cytoskeletal elements of the epithelia cells appeared as a sponge-like structure with 
smaller pore-diameters near the surface.  
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The anti-adhesive surface of the pitcher plant Nepenthes alata is characterized by a 
continuous wax-layer that covers the inner surface of the conductive zone of the 
pitchers. Focused ion beam cuttings revealed a sponge-like appearance of the wax layer. 
We found evidence for a cross-linking of the wax crystals that, at the outermost part of 
the layer, are orientated perpendicular to the surface. The whole wax layer had a 
thickness of about 3 µm.  
 
In the second part of the study the mechanical properties of the adhesive organs and the 
plant surface were determined by using atomic force microscopy (AFM) techniques. 
The arolium of C. morosus consists of two layers with different mechanical properties. 
The extremely soft (mean effective Young’s modulus of 12 kPa) outermost layer is 
about 100 - 300 nm thick, while the subjacent procuticle layer is much stiffer (mean 
effective Young’s modulus of 600 kPa). AFM contact mode imaging revealed that the 
cuticle is mechanically anisotropic. We propose that the described layered structure of 
smooth adhesive pads of C. morosus, consisting of materials decreasing in elasticity 
towards the outer surface, represents a superior design to conform and adhere to 
substrates with roughness at different length scales. The toe pad of L. caerulea, also soft 
and easily deformable, shows a somehow “inverse” setup regarding its mechanical 
properties: the outermost layer (first 300 nm) of the epithelium itself has an effective 
Young’s modulus equivalent to silicon rubber (mean Eeff = 14.4 ± 20.9 MPa; median Eeff 
= 5.7 MPa). Former studies with indentation depths of 50 – 350 µm show a much lower 
effective elastic modulus (4 – 20 kPa). The functions of this kind of cuticle is discussed 
in terms of maximising adhesive and frictional forces by conforming closely to surface 
irregularities at different length scales and maintaining an extremely thin fluid layer 
between pad and substrate.  
The anti-adhesive surface of N. alata turned out to withstand high mechanical loads 
without breaking. The platelet-shaped crystals of the wax-surface stayed stabile under a 
maximum mechanical load of FN=250 nN, which is a far higher load than an ant (as the 
natural prey of the pitcher plant) would generate even when hanging vertically with just 
one claws on one single crystal of the surface. The mechanical stability was underlined 
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by slip-off experiments that resulted in only minor amounts of crystal fragments on the 
adhesive organs of insects slipped down on the conductive surface of a pitcher plant. 
 
In the third part of the study we characterised and compared the anti-adhesive properties 
of the surface of the conductive zone of a pitcher and surfaces of polishing paper with 
different grain sizes. We were able to show that the surface profile parameters of the 
wax-surface were comparable to those of the P4000 polishing paper. Both surfaces were 
sufficient to inhibit the adhesion of insects. Based on those finding we developed a 
theoretical model that describes a surface with a roughness of a certain length scale that 
prevents attachment of insects. On the one hand the roughness of such a surface is not 
high enough for an insect to adhere using its claws. On the other hand the roughness is 
too high for the arolium to deform into the profile to maximize the contact area to gain 
sufficient adhesion.  
 
In the last part I characterized the chemical composition of the tarsal secretion of C. 
morosus, as it plays an important role for adhesion on rough surfaces. Using different 
analytical techniques as solid phase micro extraction (SPME), gas chromatography 
(GC), mass spectroscopy (MS) and Fourier-transform-interference-spectroscopy (FT-
IR) several components of the secretion were identify. The results suggest that the 
secreted liquid mainly consists of long chained alkanes, fatty acids, hexadecanoic acid 
and water. The non-polar substances seemed to form micelles within the water which 
generally appear as small droplets in light microscopy. The ratio of polar and non-polar 
components within this emulsion could affect the physical properties of the liquid and 
therefore the effectiveness of its adhesive properties. 
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